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1 General introduction 
The research described in this thesis is focused on synthetic bilayer aggregates and their use as 
matrices for the anchoring of catalytically active functions. Bilayer aggregates are spontaneously 
formed in water from amphiphilic molecules, i.e. molecules possessing a hydrophilic headgroup 
and one or more hydrophobic alkyl chains. In these aggregates the molecules are arranged in two 
layers with their hydrophilic groups directed towards the aqueous interface and the alkyl chains 
directed towards the hydrophobic interior. The archetype of a bilayer aggregate is the biological 
membrane in nature. This membrane serves as a matrix for all kinds of molecules and forms a 
semi-permeable barrier between cell compartments with different functions. The biological 
membrane is essential for the spatial distribution of enzymes and proteins, and is indispensable for 
the living cell. 
In recent years bilayer aggregates from synthetic amphiphiles have received much interest as 
models of biological membranes and as models to investigate interfacial properties in surface and 
colloid chemistry.1 They have also been used to study the complex events of solar energy 
conversion,23 and the processes of recognition at interfaces and the specific transport of ions.4·5 
In nature these processes proceed with a high efficiency and selectivity, which is not only the 
result of highly specific intermolecular interactions between the diverse components involved, but 
also of a precise spatial organization of these components. The ultimate goal of the studies 
presented in this thesis is to create a similar spatial organization of species in a synthetic bilayer 
aggregate. Codispersion of amphiphiles and catalytically active molecules in water may lead to 
self-assembling structures with a well-defined orientation of the catalytic moiety in the bilayer. If 
such catalytic groups are present at different positions in the bilayer they may display different 
reactivities towards substrates incorporated into the bilayer or towards substrates present at the 
aqueous interface. 
The contents of this thesis can be roughly divided in two parts (Chapters 3-5 and Chapters 6-8). 
The basis for the first section is a membrane-bound Cytochrome P450 mimic previously developed 
in our group.6 In this mimic a manganese porphyrin catalyst is incorporated in the hydrophobic 
matrix of a synthetic bilayer vesicle and a colloidal platinum catalyst in the inner aqueous 
compartment of this vesicle. In the presence of molecular hydrogen and molecular oxygen this 
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Figure 1.1 A membrane-bound Cytochrome P450 mimic. Pt is collodial 
platinum, MBox and MBred are the oxidized and reduced forms of methylene blue, 
respectively, and MnP is manganese porphyrin. 
shuttle electrons from the platinum to the manganese porphyrin (Figure 1.1). The turnovers of this 
process, however, are low. Several causes are supposed to be responsible for this, in particular the 
fact that upon incorporation into bilayers the manganese-porphyrins form some kind of inactive 
complexes, e.g. aggregates of porphyrins. 
The second part of this thesis is devoted to synthetic bilayer aggregates that contain metal binding 
ligands. The idea being that it should be possible to control the catalytic properties of metal 
complexes anchored to vesicle bilayers by changing the structure of these aggregates. As this is 
not easy to achieve and because little information is available in the literature on metal binding 
surfactants, it was necessary to start with a fundamental study towards the behavior of such 
surfactants. 
This thesis begins with a general introduction (Chapter 1) and a literature survey of synthetic 
surfactant aggregates (Chapter 2). In Chapter 3 the results of investigations aimed at further 
characterization of the membrane-bound P450 mimic are presented. Synthetic bilayers of a simple 
quaternary ammonium surfactant with tetra-arylporphyrins incorporated into it have been studied 
by means of UV-vis, fluorescence, and EPR spectroscopy. These investigations have led to a 
more detailed description and understanding of the incorporation characteristics of porphyrins in 
terms of location, aggregation, and orientation. In Chapter 4 the anchoring of rhodium complexes 
to polymerized bilayer membranes is described as well as the catalytic activity of these complexes 
in the reduction of nicotinamides, flavin, and manganese porphyrins by formate ions. The rational 
behind this study is the observation that the colloidal platinum-!^ reducing system, which is part 
of the original Cytochrome P450 model, catalyzes the formation of H2O from H2 and O2. As this 
unwanted side reaction decreases the catalytic efficiency of the model system an alternative source 
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of electrons was sought, viz. the combination of a rhodium(in)bipyridine complex and formate 
ions. Further studies showed that the rhodium complex in combination with a manganese 
porphyrin indeed is able to catalyze the epoxidation of olefins with molecular oxygen, only in a 
two-phase system however (Chapter 5), and not in a system containing synthetic bilayer 
aggregates (results not presented in this thesis). 
In Chapters 6 and 7 of this thesis the synthesis, aggregation behavior, and metal binding 
properties of surfactants containing imidazole ligands are described. The special features of these 
ligand surfactants at the air-water interface are presented and discussed in Chapter 8. This thesis 
concludes with a summary. 
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2.1 Amphiphile structure and aggregate morphology 
Amphiphiles are molecules that contain a hydrophobic part as well as a hydrophilic part.1 Because 
of this property these molecules form all kinds of aggregates in water. The hydrophilic parts 
interact with the aqueous phase and the hydrophobic parts tend to minimize the contact with 
water by sticking together (Figure 2.1). The structure of the aggregates can include spherical and 
cylindrical micelles, single or multi-walled vesicles, microtubules, bilayers, and inverted structures. 
A great variety of molecules have been reported to form such supramolecular structures as these 
in aqueous solutions. The hydrophobic sections of these amphiphilic molecules usually consist of 
one or two saturated or unsaturated aliphatic chains. These chains may contain rigid aromatic 
segments,2 polymcrizable groups,3 fluorocarbon chains,4 etc. The hydrophilic headgroup may be a 
neutral group, like a poly(oxyethylene) chain5 or a carbohydrate function6 or may be an ionic 
group, such as a phosphate,7 carboxylate,8 sulfonate,9 ammonium10 or a pyridinium11 group. The 
structures of some amphiphilic molecules are shown in Figure 2.2. 
The driving force for aggregation of amphiphiles in polar solvents like water, is the hydrophobic 
effect12-13 Aggregation on the one hand is accompanied by a decrease in entropy which is the 
result of a smaller motional freedom of the amphiphilic molecules in the aggregate. On the other 
hand the release of water molecules from the highly ordered hydration mantles around the 
hydrophobic parts of the amphiphiles compensates for this negative entropy effect As a result the 
net change in entropy of the system is positive. In contrast to what is frequently thought this 
favourable entropy effect is probably not the major contribution to the negative free energy of the 
aggregation process. At high temperatures (T >100°C ) the entropy contribution becomes 
negative. At these temperatures the water molecules are not linked anymore by hydrogen bonds 
and the hydration spheres around the hydrophobic parts of the amphiphiles are no longer highly 
ordered. Therefore, the negative entropy change at these temperatures entirely originates from the 
forced packing of the amphiphiles in the aggregates. The aggregation process is now completely 
driven by the favourable change of the enthalpy, i.e. the enthalpy of transferring a hydrophobic 
molecule from the polar water phase to the hydrophobic environment of the aggregate. This 
solvophobic effect is probably also operative at lower temperatures, but is partly compensated by 
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Figure 2.1 Schematic representation of common surfactant aggregate 
structures in water 
the hydration sphere of the amphiphile. As a result the free energy change of the aggregation 
process does not depend very much on the temperature. 
In dilute solutions those type of aggregates will be formed for which the interfacial free energy is 
at a minimum. This interfacial free energy is made up of two opposing forces: (i) repulsive 
headgroup interactions which include electrostatic repulsion between charged headgroups and 
overlap of hydration shells, and (ii) attractive interactions which arise from the hydrophobic 
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Figure 2.2 Structures of some bilayer-forming amphiphiles 
effect. The repulsive forces tend to increase the interfacial area of the headgroups, whereas the 
attractive forces tend to decrease the area of the hydrophobic chains exposed to the aqueous 
interface. The total interfacial free energy of an aggregale consisting of Namphiphilic molecules 
can be regarded as the sum of the interfacial free energies of the separate amphiphilic molecules 
(μ0
Ν
) in the aggregate.14 As a consequence amphiphiles will form that type of aggregate for 
which μ0
Ν
 is at minimum. When μ°
Ν
 is equal for different aggregate sizes the entropy factor will 
favor the formation of the smaller aggregates. By using statistical mechanics Israelachvilli, 
Mitchell, and Ninham have derived criteria for the optimal packing of amphiphiles in an 
aggregate.15 For this purpose they defined a packing parameter v/
a
j, in which ν and / are the 
volume and the length of the hydrophobic chains, respectively, and a is the headgroup area. 
Values for v, a, and / can be estimated from space filling models or can be obtained from crystal 
structures or from monolayer measurements (see paragraph 2.3). The criteria are as follows: 
spherical micelles are formed if v/
a
j < 1/3, cylindrical micelles if 1/3< vla / < г, vesicles and 
bilayers if 1І2 < v/
a
. ι < 1, and inverted structures if v/
a
 / > 1 (see Figure 2.1). 
The packing parameter does not depend exclusively on the molecular structure. It is also 
dependent on factors such as hydration of the headgroup, intermolecular interactions and the 
temperature. For instance, the native phospholipid sn-l,2-dioleyl-3-phosphatidylcholine (DOPC) 
forms uni- or multilamellar vesicles upon dispersion in water, whereas the phospholipid 
sn-l,2-dioleyl-3-phosphatidylethanolamine (DOPE) forms planar bilayer structures.16 This 
different behavior has been attributed to a smaller hydration of the headgroups of DOPE as 
compared to DOPC and to intermolccular Η-bonding between the headgroups of the former 
phospholipid. Both factors result in a lower value of the effective headgroup area a and hence in a 
higher value of the packing parameter, leading to the formation of structures with a lower 
curvature for DOPE than for DOPC. At temperatures above 80C DOPE displays a transition from 
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a planar bilayer structure to an H
n
 - structure. This phenomenon has been explained from the fact 
that at higher temperatures an increase in the rotation of the alkyl-chains segments occurs which 
causes the effective volume ν to become larger and the effective length / to become smaller. As a 
result the packing parameter vl
a
j increases to a value larger than 1, giving rise to the observed 
phase transition. 
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Figure 2.3 Structural elements ofbilayer-forming amphiphiles (see ref. 18). 
Other researchers have shown that the structure-shape concept can also be used to explain the 
morphologies and phase transitions of aggregates of purely synthetic surfactants. Several 
examples are known of single chain surfactants that form bilayer structures.2·17 Especially 
noteworthy is the contribution of Kunitake and coworkers to this field. They systematically 
explored the relationship between molecular structure and aggregate morphology for a large 
number of different surfactant molecules.18 The aggregate morphology appears to depend on the 
type of substructures present in the surfactant, i.e. the number of hydrophobic groups, the spacers 
which connect these groups, and the hydrophilic headgroup (Figure 2.3). Ueoka et al. have 
demonstrated that the structure-shape concept can also be applied to mixtures of synthetic 
surfactants.19 They explained the observed aggregate structures of mixtures of N-hexadecyl-
AWN-trimethylammonium bromide and MN-dimethyl-N.N-ditetradecylammonium bromide from 
the relative contributions of the packing parameters of each amphiphile. 
The structure-shape concept works well at relatively low amphiphile concentrations when 
interactions between aggregates, i.e. hydration forces and long-range van der Waals forces, are 
unimportant. At higher concentrations these interactions become dominant and give rise to the 
formation of a rich variety of lyotropic liquid-crystalline morphologies, which also depend on the 
7 
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temperature.20 As an example in Figure 2.4 the phase diagram of a well-known synthetic 
amphiphile is given, showing the concentration and temperature dependence of the morphology . 
20h 
ι hydroted solid + waTer 
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Η,Ο «eight frocnon ΙΟ,,Η,,μΛΟΗ,^α 
Figure 2.4 Phase-diagram of didodeqtldimethy[ammonium chloride in water 
(see ref. 20b) 
2.2 Liposomes and vesicles 
In 1967 Bangham et al. reported that phospholipids isolated from natural membranes form so-
called liposomes or bangosomes upon dispersion in water.21 These aggregates contain a bilayer 
membrane which encloses an aqueous compartment. Liposomes are osmotically active which 
indicates that the bilayer membrane is semi-permeable.22 Because of their structural resemblance 
to biomembranes, liposomes arc among the most frequently used model systems for these 
membranes. A great deal of the knowledge of the physics of biomembranes has been obtained 
from studies on these model systems.23 Liposomes have been used to study membrane proteins 
and membrane-protein interactions.24·25 They have also been used to study ion transport 
processes across the membrane mediated by various ionophores like gramicidin and 
valinomycin.26 More practical applications of these systems include their use as matrices for the 
construction of synthetic blood substitutes27 and their use as micro-capsules for drug delivery.28 
Chapman et al. were the first to report that liposomes formed from pure phospholipids show a 
phase transition from a gel-state to a liquid-ciystalline state.29 This phase transition is 
accompanied by a considerable endothermic enthalpy effect (in the order of 37 kJ.mol1) and an 
increase of the entropy (in the order of 125 J.deg'.mol·1).30 When the bilayer membrane is in the 
gel-state the amphiphilic molecules are regularly packed with their alkyl chains in an all-trans 
conformation; they have a very low mobility.31 Above the phase transition the regular packing of 
the molecules is disturbed and the number of gauche conformations in the alkyl chains is 
increased. The amphiphilic molecules rotate very fast around (heir long axis and are free to diffuse 
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in the plane of the bilayer (lateral diffusion). Diffusion constants for the latter process amount to 
107 cm2.s_l.32 Diffusion of the amphiphiles from one half of the bilayer to the other half 
(transversal diffusion) is very slow. This process most likely proceeds via a so called flip-flop 
mechanism and has a typical rate consiant in the order of lO^-lO5 s 1 . 3 3 
The discovery by Kunitake and coworkers in 1977 that a simple synthetic surfactant, 
N,N-didodecyl-N,N-dimethylammonium bromide, can also form liposomes upon dispersion in 
water, has opened a new area of research.34 These "synthetic liposomes" are commonly called 
vesicles. Since then many reports have appeared which describe vesicle formation from all kinds 
of synthetic amphiphiles. For reviews see references 18 and 41..Vesicles have properties that are 
very similar to that of liposomes. They also entrap aqueous solutes, are osmotically active, and 
show a gel to liquid-crystalline phase transition of the bilayer. Furthermore, they can also be used 
to study the characteristic properties of biomembranes and offer the advantage that these 
properties can be altered by varying the structure of the amphiphile. Ion transport across the 
membrane of vesicles has been achieved by using synthetic ion-channels derived from crown-ether 
polymers35 and from cyclodextrines.36 
One of the major drawbacks of vesicles, however, is their limited stability. Upon dispersion in 
water most synthetic amphiphiles initially form stacked bilayers. The formation of vesicles 
requires additional energy, e.g. ultrasonic irradiation. Upon standing the vesicle dispersion slowly 
returns to the initial stacked bilayer slate. An exception are the synthetic surfactants 
didodecyldimethylammonium hydroxide and the corresponding acetate which spontaneously form 
stable unilamellar vesicles upon dispersion in water.37 For small vesicles the curvature of the inner 
bilayer half is larger than the curvature of the outer half. This leads to different packings of the 
amphiphiles in the two monolayer halves and hence to different values of μ
Ν
°. Statistical 
thermodynamics predicts that vesicles composed of one type of amphiphile are in a metastable 
state.38 It is clear that small perturbations may trigger a transition to a more stable state. 
Practical applications require that vesicles are stable towards fluctuations in temperature and the 
addition of solutes. Alcohols for instance, lead to solubilization (lysis) and micellization of the 
vesicles, and the addition of salts leads to flocculation.39 It has been proposed that the creation of 
covalent bonds between the amphiphiles may neutralize these effects. Indeed, it has been shown 
that the introduction of polymerizable groups in the amphiphiles and the polymerization of these 
groups in the bilayers increases the stability of the vesicles (Figure 2.5).40·41 Attempts to prepare 
vesicles from pre-polymerized amphiphiles have been unsuccessful. This result has been explained 
from the fact that the formation of a regular two-dimensional bilayer structure requires a 
cooperative action of the amphiphiles. This action is hindered if the amphiphiles are anchored to 
the randomly ordered polymer backbone. Polymerization not only increases the stability of the 
vesicles, but also changes its other properties. For instance, some polymerized vesicles do not 
show a gel to liquid crystalline phase transition.35 An interesting group of polymerized vesicles 
are the so-called polymer encased vesicles. In these systems stabilization is not achieved by 
polymerizing the amphiphilic molecules in the bilayer, but by binding polymers to vesicles via 
9 
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ionic interactions or via the insertion of hydrophobic anchor groups into the bilayer. This kind of 
stabilization of vesicles resembles the way nature uses the cytoskeleton to stabilize cell 
membranes. Since the amphiphiles are not directly coupled to the polymer the properties of the 
bilayer remain more or less the same. What is changed, however, are the characteristics of the 
bilayer-water interface. 
Figure 2.5 Possible pathways for the stabilization of bilayer membranes by 
polymerization (see ref. 41). 
2.3 Monolayers 
Monolayers of amphiphiles at the air-water interface are currently receiving much attention 
because such layers may give detailed information about the physical properties of biomembranes. 
In fact, a monolayer can be considered as being one half of a bilayer membrane. Monolayers are 
easily prepared by spreading a solution of an amphiphile on a water surface. After evaporation of 
the solvent a film is left of known density and composition on a surface of known area. The 
hydrophilic headgroups of the amphiphilic molecules are immersed in the aqueous subphase, 
whereas the hydrophobic chains remain on the surface. Langmuir was the first to recognize that 
this film is indeed a monomolecular layer.42 For the manipulation and characterization of 
monolayers he developed a film-balance in the early twenties of this century. Basically the same 
10 
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equipment is still used today. A film balance consists of a rectangular trough of which the surface 
is divided into two compartments by a movable barrier (Figure 2.6). The trough is filled with 
water to the rim and the monolayer is prepared by spreading a solution of the amphiphile in an 
organic solvent on one side of the barrier. The surface area A (usually given in Â2 / molecule) can 
be controlled by moving the barrier. Of interest is the surface pressure Π which is usually 
measured with a Langmuir balance or by the Wilhelmy plate method. Π is the reduction the 
surface tension of the pure subphase at the air interface (γ0) by the monolayer film : Π = γο - γ. 
Figure 2.6 Drawing of a film balance equipped with a Langmuir pressure 
measuring system. 
Monolayers have much in common with normal three dimensional systems: the pressure ρ is 
replaced by the surface pressure Π and the volume Vby the area A of the monolayer.43 The state 
of a monolayer at various Π, A, and Τ values can be described in a phase diagram. Normally not a 
complete phase diagram is composed, but only surface pressure / surface area isotherms 
(Π / A isotherms) are recorded at various temperatures. An idealized Π / A isotherm is given in 
Figure 2.7. The nature of the various phases in which monolayers can exist can be established by 
measuring the surface viscosity and the surface potential. More sophisticated techniques such as 
X-ray scattering, ellipsometry, and epifluorescence microscopy are also frequently used to identify 
the phases.44·45 The terminology commonly employed to classify the phases is from Adam.46 
The macroscopic properties of the various states of the monolayer have been interpreted as 
differences in the orientation and order of the molecules on the surface.43·47·48 Almost all 
monolayers from amphiphiles form a gaseous analogue state (G) if the molecular area is large 
enough or the pressure is sufficiently low. In this state the molecules on the surface do not 
11 
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Figure 2.7 Idealized representation of a surface pressure-surface area 
isotherm. 
interact with each other; they lay more or less flat on the surface. The surface pressure in this gas 
analogues state is given by the surface vapor pressure of the monolayer forming substance and is 
usually very low, viz. < 0.1 mN.nr1. Decreasing the molecular area causes a phase transition from 
the gas analogues state to the liquid-expanded (LE) state. In the latter state the molecules interact 
considerably and adopt a more or less perpendicular orientation on the surface. The number of 
gauche conformations in the alkyl chains is still high and there is no long-range ordering. At still 
smaller molecular areas a second transition occurs from the LE state to the liquid-condensed state 
(LC). The number of gauche conformations in the alkyl chains has now decreased considerably, 
making alignment of the alkyl chains possible. Despite its designation as " liquid " there is 
considerable long range order of the molecules, probably due to close packing of the headgroups 
of the amphiphiles at the surface. Finally, at very small surface areas a phase change occurs to the 
solid state (S). This state represents the closest possible packing of the molecules on the surface. 
The alkyl chains of the amphiphiles are now in the all-trans configuration. The limiting area of this 
state amounts to approximately 20 À2 per alkyl chain present in the molecule. Compressing the 
monolayer to still smaller molecular areas results in the collapse of the film: the film breaks and 
forms a multilayer on the surface or dissolves partially in the aqueous phase. Normally this 
process is irreversible. It should be noted that Figure 2.7 is highly simplified with respect to the 
nature and the number of possible existing phases. 
It has been shown that the properties of a monolayer not only depend on the interactions between 
the amphiphilic molecules, but also on the interactions of these molecules with solutes in the 
subphase. Acid-base equilibria have been studied on monolayers of long chain carboxylic acids 
12 
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and of alkyl amines.49 Amett and co-workers have used monolayers as a tool to study specific 
intermolecular interactions between enantiomers and between diastereomeric compounds.50 
Monolayers have been used widely to obtain information on lipid-protein interactions,51 e.g. in a 
study of the hydrolysis of phospholipids by phospholipase A2.52 Molecular recognition studies at 
the monolayer-water interface have been carried out and have led to selective binding of 
antibodies to lipid-coupled antigens and to binding of avidin to biotin-derivatized amphiphiles.53 
This has even resulted in the 2D crystallization of certain proteins. 
2.4 Catalysis in micellar and bilayer systems 
Amphiphiles above their so-called critical micelle concentration can influence the rate and 
selectivity of reactions of organic compounds in water, e.g. the hydrolysis of esters, aliphatic and 
aromatic nucleophilic substitution reactions, oxidations and reductions, and polymerizations.1 
This phenomenon is the result of binding of the reagents to the micelle. The activation energy for 
the reaction in most cases changes since in the micellar environment the hydration of the reactants 
is altered. This different hydration influences the stability of the reactants and the products and 
changes the transition state. Binding of the reagents in the micelle also causes an increase in the 
local concentration of the compounds. To quantify these effects micellar reactions are often 
described by a pseudo-phase model.54 In this model the aqueous bulk solution and the micelle are 
treated as separate phases, over which the reactants are distributed. The simplest form of this 
model is the one for a monomolecular reaction of compound A, which can react in the aqueous 
phase (with rate constant k
a
) and in the micellar phase (rate constant k,,,) (eqn. 1-2). 
A —-&—» products C) 
К
 t к A + Mn ~ * A M n m-» products (2) 
In this model it is assumed that only one molecule of A binds to a micelle M
n
 with aggregation 
number n, and that the binding of A does not alter the aggregation number. The concentration of 
micelles is then given by [ M
n
 ] = ([ M ] - cmc) / n, in which M is the surfactant concentration. 
Binding of A to M
n
 is described by the first part of eqn. 2; the binding constant is K. If the 
presence of micelles does not alter k
a
, the overall rate k,^  is simply given by the sum of the 
reactions in these two phases. Combination of the reaction equations 1 and 2 then leads then to 
the following expression for к (eqn. 3). 
=
 ka + k m K [ M n ] 3 
Ψ
 1 + K.[Mn] 
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The relative stabilities of the species involved in the reactions in the micellar phase and in the 
aqueous phase are reflected by the values of k,,, and k
a
, respectively. The model adequately 
describes the acceleration (km > k
a
) or inhibition (k
m
< k j of the overall reaction rate that occurs 
when the micelle concentration is increased. It also explains why at high micelle concentrations 
the reaction rate reaches a constant value. In the case of a bimolecular reaction rate enhancements 
are also often observed, but this enhancement is not always due to a decrease of the activation 
energy of the reaction. The effect of concentrating the reactants in the micellar phase is 
frequently the dominating factor, and may in fact completely compensate for an increase in the 
activation energy. Consequently, increasing the micelle concentration to levels at which these 
aggregates are no longer saturated by the reagents leads to dilution and hence to a decrease in the 
observed reaction rate. 
It has been established that polar or ionic substrates are located at the micellar-water interface.55 
In aggregates of ionic amphiphiles close packing of the amphiphile headgroups causes formation 
of a highly charged interface. Part of this charge is compensated by the binding of counterions 
(0.6-0.9 per ionic headgroup). This interface region consisting of hydratcd amphiphile headgroups 
together with bound hydrated counterions is called the Stem region or Stem layer. The Stem 
layer is highly anisotropic and its polarity is intermediate between that of a hydrocarbon and 
water. These features may have large effects on the rate and the selectivity of a reaction. For 
instance, the presence of micelles of cetyltrimethylammonium bromide changes the 
stereochemistry of the reduction of propellane diones by sodium borohydride.56 Another example 
is the enantioselective cleavage of p-nitrophenyl esters by histidine-containing catalysts bound to 
micellar aggregates, which is the result of the selective lowering of the transition state energy of 
one of the enantiomers.57 The hydrolysis of p-nitrophenyl-diphenyl-phosphate ester is catalyzed 
by cetyltrimethylammonium hydroxide micelles, but analysis of the reaction reveals that the 
catalytic effect is due to the fact that the micellar surface attracts a high concentration of 
hydroxide ions.58 The rate constant for the aqueous hydrolysis reaction is approximately four 
times larger than the rale constant for the micellar reaction: k,,, / k
w
 = 0.25. The addition of inert 
salts causes a decrease in the reaction rate. Similar effects on other reactions involving ionic 
reactants at charged micellar interfaces have been quantitatively described by the so-called 
pseudo-phase ion exchange model.59 In this model the charged interface is treated as a selective 
ion exchanger. It is assumed that the total fraction (β) of counterions bound in the Stem region is 
constant and that counterion binding increases with increasing hydrophobicity of the anion: 
l· > Br > CI" > CH3COO-, F- > OH".60 This model, however, fails in describing the effects on 
the reaction rates of high concentrations of weakly binding counterions, such as the acetate and 
the hydroxide ion. This failure is due to the fact that for binding of weakly bound counterions β is 
no longer constant.61 An alternative model has been proposed that accounts for these effects. It is 
based on the solution of the Poisson-Boltzmann equation for the distribution of ions in the 
14 
Literature survey 
electrical double layer.62 This model also explains the effect of the aggregation number of micelles 
and the effect of the shape of micelles, e.g. spherical or rod-like, on the reaction rate. 
Fendler has shown that the pseudo-phase model can also be applied to reactions in vesicular 
solutions.63 In vesicles the bilayer membrane separates the inner aqueous compartment from the 
bulk-phase. Reactions may occur in the outer membrane-water interface (exo-vesicular) and at the 
inner membrane-water interface (endo-vesicular).64 Moss et al. have taken advantage of this 
feature to control the rate of oxidation of compounds that are encapsulated in the vesicle 
interior.65 It has been shown that amphiphiles present in the inner and outer leaflets of a bilayer 
membrane may have different reactivities towards reactants in the bulk-phase. This property has 
been used to generate asymmetric membranes. Such systems are useful to study the mechanism of 
the flip-flop process of amphiphiles across the bilayer. The presence in vesicles of an inner 
aqueous compartment which is separated from the aqueous bulk phase by a semipermeable 
membrane has been used by several groups to achieve compartmentalization of different reactions 
in one system.66·67 The aim of these studies is, for example, to obtain charge separation, a critical 
step in the important process of solar-energy conversion. 
In vesicles the amphiphilic molecules are organized in a bilayer structure. Kunitake et al. have 
demonstrated that the physical state of the bilayer has an effect on the reaction rate of compounds 
bound to vesicles.68 The ordered bilayer structure can also be used to place the various reactants 
in a reaction in a well defined orientation with respect o each other, as was demonstrated by 
Groves et al. who were able to achieve regioselective epoxidation of sterols by iodosylbenzene 
catalyzed by a porphyrin present in the center of a phosphatidylcholine bilayer.69 
A separate new class of amphiphile aggregates forai the so-called metallo-micelles and metallo-
vesicles. In these aggregates the amphiphilic molecules form complexes with metal ions, which are 
usually located at the aggregate-water interface.70·71 The interesting catalytic properties of 
transition metal ions have inspired several research groups to develop new catalytic systems based 
on metallo-micelles or metallo-vesicles. Grätzel et al. have used micelle-forming copper 
complexes of a lipophilic azacrown-ether to achieve light-induced charge separation.72 Micelles of 
cobalt containing crown-ethers have been demonstrated to bind molecular oxygen.73 Furthermore, 
micelle and vesicle forming copper and zinc complexes have been applied to achieve 
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3 UV-vis, fluorescence and EPR studies of 
porphyrins in bilayers of dioctadecyldimethyl-
ammonium surfactants. 
3.1 Introduction 
The biomimetic chemistry of porphyrins is inspired by the central role of this molecule in 
important biological processes such as light energy conversion, oxygen transport and catalysis. In 
these processes the porphyrin molecule has a variety of functions: it is involved in the process of 
charge separation, reversible binding of dioxygen, reductive activation of dioxygen, and electron 
transport. The diverse chemical and photophysical properties of porphyrins are partly the result of 
variations in the nature of the central metal ion. They are also due to the fact that these molecules 
are often located in very different environments. In the past a number of biomimetic systems have 
been described in which the properties of the porphyrin molecule are controlled by modification of 
this molecule and by changing the surrounding reaction medium.1·2 
Our interest is to study the biomimetic properties of synthetic porphyrins incorporated into 
micelles and lipid bilayers. It has been shown that incorporation of porphyrins in micelles 
dramatically alters the rate of metallation of these molecules.3 Porphyrins anchored to lipid 
bilayers have successfully been applied for reversible binding of dioxygen in aqueous solutions.4 
The feature of supramolecular organisation has been used to mimic the action of the cytochrome 
P450 enzyme system.5 In another biomimetic study a membrane-bound porphyrin has been used to 
achieve regioselective epoxidations.6 The electron carrier properties of porphyrins incorporated 
into synthetic membrane have been studied by several groups.7 
It is clear that for a proper evaluation of the results of these studies knowledge of the location and 
orientation of the porphyrins in the lipid bilayer is essential. Furthermore, simple porphyrins are 
known to aggregate at higher concentrations which alters their catalytic and photophysical 
properties. In most studies assumptions on the aggregation and location of porphyrins in lipid 
membranes have been made based on a limited number of UV-vis, fluorescence,8·9·10·1 ' or EPR 
6 1 5
 measurements. More information is available about the orientation of porphyrins or heme 
proteins in bilayers. Various techniques like polarized UV-vis, fluorescence,12 and EPR 
spectroscopy 6 · 1 5 in combination with computer simulations13·14·15 have been used. Although in 
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these studies many properties of the porphyrins molecules in lipid bilayers are discussed, they do 
not give a complete description in terms of location, orientation and aggregation of these 
molecules in the bilayers. 
Chart 3.1 
TPP: R1-R2=R3=R4= —ζ/λ 
\ 
R, THPP: R1=R2=R3=R4= — ^ ^ - О С 1 6 Н ; '33 
TPyP : R^Ha-Ra ζ ^ - ο ο 1 6 Η 
«4= ^ . N+'CHa Tos-
Ь this chapter the incorporation characteristics of three tetra-arylporphyrins in bilayers formed 
from the synthetic surfactant dioctadecyldimethylammonium chloride (DODAC) are reported. 
These porphyrins include: 5,10,15,20-tetraphcnylporphyrin (TPP), 5,10,15,20-tetrakis-(4-
hexadecyloxyphenyl)porphyrin (THPP), and 5,10,15-tris-(4-hexadecyloxyphenyl)-20-(4-(N-
methyl-pyridinium))poφhyrin tosylatc (TPyP) (see Chart 3. l).Two of these porphyrins, THPP 
and TPyP, have hydrophobic substituents on the aryl groups, the latter has also a hydrophilic 
substituent. A combination of the above mentioned techniques is used to study the spatial 
distribution of these two porphyrins in the bilayers. The results are compared with those obtained 
for the parent compound tetraphenylporphyrin. 
3.2 Results 
3.2.1 Incorporation 
Upon dispersion in water DODAC forms well-defined bilayers with a gel to liquid-crystalline 
phase transition occurring at 37 0 C. 1 6 Since the porphyrins studied are insoluble in water, addition 
of these molecules to vesicular dispersions of DODAC did not result in incorporation into the 
bilayers, as was checked by centrifugation and gel permeation chromatography (GPC). Successful 
incorporation could however be achieved by first preparing a mixed film of the porphyrins and 
DODAC followed by dispersion of this film in water by sonication. Another procedure involved 
the injection of an ethanol / THF solution of the porphyrin and DODAC into water.17·18 Both 
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Figure 3.1 GPC chromatograms of DODAC vesicles (A) and of DODAC 
vesicles containing CuTPP (R= 0.005, В ) monitored at 420 nm. 
methods resulted in the formation of opalescent solutions. Figure 3.1 shows GPC profiles of 
DODAC vesicles prepared by the ethanol injection method. As can be seen the vesicle 
preparations with and without CuTPP have the same elution volume. The water-insoluble CuTPP 
did not elute at all, as was checked separately. The other porphyrin-DODAC dispersions showed 
similar profiles. In ultrafiltration experiments the porphyrin containing vesicle preparations were 
quantitatively retarded by membranes with cut-off values up to 100.000 MW. This indicates that 
incorporation of the porphyrins in the DODAC bilayers does not result in the formation of small 
micellar aggregates. Electron micrographs of the various preparations showed that closed 
spherical vesicles were present. 
We observed differences in incorporation efficiency between the sonication and injection method. 
Figure 3.2 shows for the sonication method the amount of porphyrin that is incorporated after 
centrifugation of the samples, when the porphyrin to DODAC molar ratio (R) is increased. In the 
case of TPP only a small fraction of the porphyrin was solubilized. The maximum quantity of this 
molecule that could be incorporated amounted to R = 0.0004. Prolonged incubation of the 
samples did not increase the incorporation efficiency. THPP showed a similar behavior, but the 
maximum quantity incorporated into the bilayers was higher (R = 0.0008). TPyP could be 
incorporated up to R = 0.0036. These differences can be explained from the fact that THPP and 
TPyP contain long aliphatic substituents which increases (heir solubilities in the DODAC film. The 
presence of an additional positively charged substituent in TPyP makes this porphyrin almost 
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Figure 3.2 Incorporation efficiency ( R^ = [porphyrin incorporated J/ 
[DODAC] ) ofTPP ( A ), THPP ( + ) and ТРуР (Ш)іп DODAC vesicles. 
Incorporation was achieved by the sonication method. The dotted line is the 
theoretical curve for complete incorporation of the porphyrin initially present in the 
mixed film ( R^ = [porphyrin added]/[DODAC] ); [DODAC] = 5mM,T= 50aC 
With the injection method no solubility limit was found over the concentration range studied and 
all three porphyrins were quantitatively incorporated up to R = 0.005 (data not shown). The fact 
that the incorporation efficiency does not depend on the initial porphyrin to DODAC ratio makes 
the injection method more useful than the sonication method. The small fraction of solvent 
(1-2 vol. %) that remained in the samples prepared by the injection method did not alter the 
results which will be discussed in the following sections, as was checked separately by comparison 
with extensively dialysed vesicle preparations. 
3.2.2 Aggregation 
In Figure 3.3 the visible absorption spectra of THPP incorporated into bilayers of DODAC 
vesicles at two porphyrin to lipid ratios are shown. At a low ratio (R < 5.10^) the spectrum has 
the same maxima as the spectrum of a homogeneous solution of the porphyrin in 
dichloromethane. Increasing the THPP concentration in the bilayer caused the absorption 
spectrum in the B-band region to change, whereas the Q-band region remained undisturbed (see 
also Table 3.1). Most notable is the splitting of the band at 421 nm into two new bands: one of 
lower intensity at 402 nm and one of higher intensity at 436 nm. For TPP and TPyP the B-band 
maximum shifted to higher and lower wavelenght, respectively, when R was increased. The Q-
bands remained the same at higher R-values (Table 3.1). Most likely, the observed changes are 
due to the formation of porphyrin dimers or higher aggregates. In the aggregates a strong exciton 
coupling will exist between two neigbouring porphyrins.19·20 The wavelength shifts due to this 
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Absorption spectrum a 
λίΜχ/ηΠΪ 
418 514 546 591 648 
420 516 546 590 648 
421 516 552 592 650 
402 436 517 554 592 650 
426 520 556 594 652 
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Fluorescence spectrum b 







a) [porphyrin] = 10~6 Μ; Τ =20 "С. b) Excitation is at wavelenghts corresponding to the 
B-band maxima of the UV-vis absorption spectra atR = 0.0005; [porphyrin] = ΙΟ'6 M; 
r = 5 0 o C . 
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Figure 3.3 Absorption spectra of THPP in DODA С vesicles atR = 0.0005 
(A) andR = 0.005 (B); [porphyrin] = 1.8χΐσ6Μ; Τ = 20oC. 
coupling are proportional to the oscillator strength of the respective transitions. Since the 
oscillator strengths of the B-bands are an order of magnitude greater than those of the Q-bands, 
this may explain why only the B-bands are disturbed. An alternative explanation, viz. that the 
porphyrins bind to regions of different polarity in the bilayer, cannot be excluded although such a 




Figure 3.4 Self-quenching of the fluorescence ofTPP (o ) ,ΤΗΡΡ 
(О), and TPyP (à ) in DODAC vesicles; 10 is the fluorescence intensity at 
R = W4; [porphyrin] = W6 Μ; Τ = 50°C. 
The changes in the absorption spectra were accompanied by a strong decrease of the fluorescence 
intensities (Figure 3.4), whereas no shifts of the emission wavelengths were observed (Table 3.1). 
This behavior also points to aggregation of the porphyrins in the bilayers when their 
concentrations are increased. Disposition of the porphyrins in regions of different polarity is 
unlikely, because in that case the decrease of the fluorescence intensity should have been 
accompanied by a shift of (he emission wavelength. 
Time-resolved fluorescence measurements at low porphyrin concentration (R = ЗЛО-4) showed a 
mono-exponential decay of the fluorescence for TPP and TPyP. The observed fluorescence 
lifetimes were similar to those of homogeneous solutions of the porphyrins in benzene (Table 3.2). 
At higher concentrations (R = 5.10"3) the fluorescence intensity decreased, but the decay was still 
mono-exponential with the same lifetime. This indicates that the observed fluorescence originates 
from porphyrin molecules located in similar environments, most likely as monomers when the 
concentration is low. An increase in concentration leads to the formation of non-fluorescent 
species, probably aggregates of porphyrins. 
A different behavior was observed for THPP. Both at low (R = S.IO"4) and high concentration (R 
= 5.10"3) of the porphyrin in the bilayer the fluorescence intensity decayed bi-exponentially with 
lifetimes of approximately 11 ns and 2 ns, respectively (Table 3.2). The relative contributions of 
the two processes, however, changed. At low concentration the longer lifetime process dominated 
whereas at high concentration the shorter lifetime process was dominant. The observed lifetime of 
11 ns is the same as the fluorescence lifetime of monomeric porphyrin dissolved in benzene. 
Furthermore, the excitation spectrum of THPP at high concentration is similar to the absorption 
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spectrum of aggregated THPP. We may therefore conclude that the longer lived component 
originates from monomeric THPP and the shorter lived component from aggregates of this 
porphyrin. The fact that the behavior of THPP differs from that of TPP and TPyP can be 
explained by the formation of different types of aggregates for the three porphyrins. This issue 
will be discussed below. It should be noted that our fluorescence measurements were carried out 
above the phase transition temperature of the bilayers. Below this temperature the decays became 
multi-exponential. This indicates that below the phase transition the three porphyrins are located 
in more heterogeneous environments. 
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a) The number in parenthesis is the pre-exponential factor, describing the relative 
contribution of the particular fluorescence process to the total fluorescence. 
b) [porphyrin] = SxlO7 Μ; Τ =20 "С. с) [porphyrin] = 10б Μ; Τ =50 "С. 
The curve for TPyP in Figure 3.4 can well be described by a model that involves self-quenching 
within a complex of only dimers.23 The association constant (K
a
) for dimer formation was 
calculated to be 4.7x104 M 1 . In this calculation an overall (aqueous) concentration of the 
porphyrin was used. If this K^ value is corrected for the much higher local concentration of the 
porphyrin in the bilayer24 an association constant of approximately 254 M 1 is obtained. The 
quenching curves of TPP and THPP could not be fitted by assuming the formation of dimers. At 
higher R values the deviation was considerable. This suggests that higher aggregates are involved. 
The aggregation numbers for TPP and THPP were detemiined by a procedure described by 
Schick et al. It involves the use of mixtures of Zn- and Cu- porphyrins.25 In aggregates with one 
or more copper porphyrins the fluorescence of the zinc porphyrin is effectively quenched via 
intersystem crossing to a tripdoublet state. Therefore, any observed fluorescence intensity 
originates from aggregates which contain only zinc porphyrins. Assuming a statistical distribution 
of zinc and copper porphyrins in the aggregates, the relative fluorescence intensity (I / ÌQ) is given 
by equation 1, in which ^ is the fluorescence intensity of aggregates of pure zinc porphyrin, n ^ is 
the mole fraction of zinc porphyrin and N is the average aggregation number of the porphyrins. 
Γ = (ηζη)Ν Π) 
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The experiments were carried out at a high porphyrin concentration (R = 5.10"3), thus almost all 
porphyrin molecules are aggregated. Plots of log (I / 1 0 ) versus the logarithm of n ^ were linear 
for both TPP and THPP. The aggregation numbers are given by the slopes of the plots and were 
found to be 3.5 ± 0.4 and 4.2 ± 0.3 for TPP and THPP, respectively. Wavelength shifts in 
aggregates of zinc or copper porphyrin showed similar trends as observed for the free-base 
porphyrins, indicating that aggregation is independent of the central metal ion. 
3.2.3 Location 
Quenching of the fluorescence of monomelic porphyrins in DODAC vesicles was studied with 
various hydrophilic and hydrophobic quenchers. This provided information on the location of the 
fluorophores within the bilayer.26 As quenchers we used iodide ions and two brominated fatty 
acids, viz. 9(10)-bromooctadecanoic acid and 16-bromohexadecanoic acid. For comparison we 
also performed experiments with palmitic acid, which does not bear any quenching moiety. The 
iodide ion is strongly absorbed to the surface of the bilayer, due to strong electrostatic interaction 
with the quaternary ammonium head groups. This ion is therefore believed to quench only 
porphyrin molecules located near the aqueous interface. The fatty acids cary a bromine substituent 
either in the middle or at the end of the alkyl chain. Alignment of these alkyl chains with the 
amphiphile alkyl chains in the bilayer will result in positioning of the bromine substituents either 
halfway the aqueous interface and the center of the bilayer or near the center of the bilayer.27 The 
quenching experiments were performed above the phase-transition temperature of the bilayers. 
Under this condition there is a fast lateral diffusion of the quenchers and the lipid molecules in the 
bilayer. Therefore, quenching of the fluorescence will be controlled by the relative position of the 
fluorophore and the quencher along the bilayer normal. Linear Stem-Volmer plots were obtained 
up to a quencher concentration of 0.2 mM (10 % of the DODAC concentration). Above this 
concentration precipitation of the surfactant and the porphyrin was observed in case of the iodide. 
When the concentration of the brominated fatty acids was increased above 0.2 mM the turbidity 
of the solutions decreased, most likely as the result of micellization of the bilayers. 
Table 3.3 Stem-Volmer quenching constants (K
s v
) for various 








Nal С9-ВгЬ C16-Br« C16d 
430 ±67 156 ±39 388 ±35 64 ±7 
117 ±25 78 ±37 492 ±144 130 ±16 
1170 ±62 60 ±17 156 ± 3 92 ±28 
a) The excitation and emmission wavelengths correspond to the B-band maxima and the 
emmission wavelength maxima given in Table 3.1 atR= 0.0005; [porphyrin] = Ш6 M; 
R = 0.0005; T- 50oC. b) 9(10)-bromooctanoic acid, c) 16-bromohexadecanoic acid. 
d) hexadecanoic acid. 
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The results of the quenching expenments are presented m Table 3 3 As can be seen the 
fluorescence of TPyP is strongly quenched by I, whereas the fluorescence of THPP is hardly 
affected by this ion In contrast, the fluorescence of TPyP is hardly quenched by the brommated 
fatty acids THPP on the other hand is effectively quenched by 16-bromohexadecanoic acid Most 
likely, TPyP is located near the surface of the bilayer and THPP near the center of the bilayer The 
less efficient quenching of TPP by iodide suggests that this porphynn is situated in the 
hydrophobic part of the bilayer Its position, however, is not well defined as the two brommated 
fatty acids quench the fluorescence equally well 
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Figure 3.5 X-ray diffraction pattern of cast films ofDODAM 
on a Mylar substrate (left) and a schematic representation of the 
packing of the amphiphihc molecules in the bilayers (right). 
3.2.4 Orientation 
The orientation of the porphynns in the bilayers was investigated by means of EPR spectroscopy 
on the copper containing denvatives incorporated in aligned büayers of N,N-dioctadecyl-N,N-
dimethylammomum methacrylate (DODAM) Aligned bilayers are easily obtained when a 
vesicular solution of the surfactant is left to dry out on a flat substrate like glass or a synthetic 
film, e.g Mylar.28 These so called 'cast bilayers' are more or less regularly stacked with their 
planes parallel to the substrate surface We were unable to obtain well-onented structures from 
DODAC This is probably due to poor bindmg of the chloride countenon to the positively 
charged bilayer surface of this amphiphile As a result there will be strong electrostatic repulsion 
between the bilayers during the drying process which prevents regularly stacking. When we used 
DODAM well defined cast bilayers were obtained. Wide angle X-ray diffraction showed the 
presence of a lamellar structure with a periodicity of 60 À (Figure 3 5) The maximum molecular 
length of unhydrated DODAM as estimated from CPK space-filling models amounts to 
approximately 27 Â This value is m good agreement with the experimentally found periodicity of 
27 
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60 Â for our bilayers. When the assumption is made that the hydratation layer between two 
bilayers of DODAM does not exceed 6-8 Â , the tilt angle of the lipid molecules with the bilayer 
normal is smaller than 10°. Similar results have been reported for cast films prepared from the 
acrylate analog of DODAM.29 Scanning electron micrographs of our cast DODAM bilayers 
revealed that regularly stacked sheets were present with an orientation parallel to the surface 
(Figure 3.6). The thickness of the sheets is much larger than the thickness of a single bilayer, 
which means that each sheet consists of several bilayers. 
Figure 3.6 Scanning electron micrograph of a fractured cast film 
of DODAM (magn. 2000x). 
The square planar porphyrin ligand system around the copper(II) nucleus gives rise to a strong 
anisotropy of both the g-tensors and the ACu-tensors. Incorporation of the porphyrins in oriented 
bilayers and subsequent measurement of EPR spectra at various angles between these bilayers and 
the magnetic field will provide information on the orientation of the porphyrins. In order to 
describe this orientation the coordinate system (xyz) for the porphyrin molecule is defined as in 
Figure 3.7. In an independent coordinate system (xyz)b the bilayer normal is defined as the z-axis 
and the plane of the bilayer as the xy-plane (Figure 3.7). It is reasonable to suppose that there is 
no anisotropy of the porphyrins in the xy-plane of the bilayers. Furthermore, we assume that the 
porphyrin molecules have a gaussian distribution σ around the angle θ between the bilayer normal 
(zb) and the porphyrin normal (z ). The orientation of the porphyrins can now effectively be 
represented by θ ± σ. 
The anisotropy of the EPR signal of а соррег(П) porphyrin can be described in terms of g
x
, gy gz 
and A
x
, Ay, Az. EPR measurements on single crystals of CuTPP have revealed that the coordinate 
systems for the g and A tensors coincide with the coordinate system for the porphyrin molecule.30 
Because of the four-fold rotation axis in the porphyrin ligand the g and A tensors for the χ and y 




 tensors are 
designated as g// and A//. Due to coupling of the unpaired electron with the Cu nucleus (I - ^ ) g// 
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Figure 3.7 Coordinate systems used to describe the orientation of the 
porphyrin molecule in the DODAM bilayer. 
is split into four lines with A// approximately 200 G. Since A± (typically 20-30 G) is generally not 
resolved g^ remains visible as a single line. 
In a first series of experiments EPR spectra were recorded of the pure copper(II) porphyrins in a 
frozen CHCI3 glass. These powder spectra of CuTPP and CuTHPP did not reveal any nitrogen 
hyperfine splitting, whereas in the powder spectrum of CuTPyP even the copper-splitting was 
unresolved. However, upon magnetically diluting the solutions with the corresponding zinc 
porphyrins or free-base porphyrins (ratio of copper porphyrin to zinc or free base porphyrin = 
0.1) both the copper and nitrogen hyperfine splittings became resolved. The loss of the nitrogen 
hyperfine splitting in the non-diluted samples is due to dipolar broadening.31 This phenomenon 
can occur even when two copper nuclei are located at a distance as far as 20 Â. This condition is 
met in very concentrated solutions or when aggregation of porphyrin molecules takes place. 
Although the g and A parameters can be measured directly from the experimental spectra, more 
accurate values are obtained when they are compared with simulated spectra. Satisfying 
simulations were obtained for the powder spectra of the three porphyrins. The optimal parameters 
are tabulated in Table 3.4. These parameters were used for the simulations of the spectra of the 
porphyrins in the oriented bilayers. Experimental spectra in which no nitrogen hyperfine splitting 
was observed, were simulated either with nitrogen hyperfine interaction and linewidth parameters 
in the order of 60 G or without nitrogen hyperfine interaction and larger linewidth parameters (up 
to 120 G). Both approximations gave very similar results when the same values of the g and ACu 
tensors were used. The latter approximation however is less time consuming. For the simulation 
of the spectra of the porphyrins in the oriented bilayers the parameters θ and σ as well as the 
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a) EPR spectra were recorded using 5 mM solutions of the porphyrins in a chloroform 
glass at 6 °K. The g and A tensors were obtained by simulations of the experimental 
spectra, b) CuTPyP was diluted with TPyP: [CuTPyP] = 5 mM; [TPyP] = 45 mM. 
angle α between Z b and the magnetic field vector В must be known. This angle α follows from 
the experiment and can be adjusted by rotation of the casted bilayers between the magnet poles 
(see Experimental section). 
The EPR spectra of CuTPP in DODAM (R = 0.005) at different angles between the bilayer 
normal and the magnetic field showed a strong effect of the orientation (Figure 3.8). When the 
bilayer normal was placed parallel to the magnetic field (a = 0), a spectrum was obtained 
consisting of four broad lines with g
o b s = 2.20 and a splitting of about 200 G (Figure 3.8 A). 
These numbers correspond well with the g// and A// values measured for CuTPP in a CHCI3 glass 
(Table 3.4). When the orientation of the bilayer normal with respect to the magnetic field was 
changed to α = 90°, a spectrum resulted consisting of one broad line with a g,^ similar to g^ for 
CuTPP in CHCI3 (Figure 3.8 B). These observations are consistent with an orientation of the 
porphyrin Zp-axis more or less parallel with the bilayer normal. 
Simulations of the experimental CuTPP spectra were carried out for a range of values of θ and σ 
at α = 0° and α = 90°. Satisfying results were obtained for θ ± σ = 30° ± 30° (Figure 3.9). 
Smaller angles of θ resulted in a significant discrepancy between the coupling pattern in the 
simulated spectra and the experimental spectra for α = 0°, whereas for larger values of θ the 
single line observed at α = 90° became split. The shape of simulated spectra was found to depend 
strongly on the value of σ. The large value of σ has several origins. First an error is introduced by 
stacking the cast films on the quartz rod (see Experimental section) and setting the orientation of 
the quartz rod in the spectrometer. The sum of these two factors is estimated not to exceed 5°. 
Irregular stacking of the bilayer sheets in the cast film may also introduce an error. Electron 
microscopy has revealed that this error does not exceed 5°. For CuTPP the main source, 
therefore, will be a less defined orientation of the porphyrin molecules relative to the bilayer 
normal. 
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Figure 3.8 EPR spectra of CuTPP in 
cast films ofDODAM (R = 0.005) with the 
magnetic field parallel to the bilayer 
normal ( a= 0", A ) and perpendicular to 
the bilayer normal ( a= 90°, B).T= 60K. 
Spectrometer conditions: modulated 
amplitude 4.014 G, modulated frequency 
100 kHz, microwave power 1 mW, 
microwave frequency 9303 GHz, receiver 
gain 2.104. 
Figure 3.9 Simulated spectra of 
CuTPP with θ± σ= 30° ± 30° for two 
orientations of the cast film in the magnetic 
field: bilayer normal parallel to the 
magnetic field ( a= 0°, A) and 
perpendicular to the magnetic field 
( a= 90", B). Values for
 8//, gj, A ƒ u and 
A 2 were taken from Table 3.4, 
W,, = 120 G, Wj= 140 G. 
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Incorporation of CuTHPP into the cast bilayers of DODAM at R = 0.005 also led to a 
dependency of the EPR spectra on α (Figure 3.10). At α = 90° a spectrum was observed that 
resembled the powder spectrum of CuTHPP (Figure 3.10 B). This points to an orientation of the 
porphyrin L-axis roughly perpendicular to the bilayer nonnal. However, a precisely perpendicular 
orientation should result at α = 0° in a spectrum consisting of a single line with a g¿bs similar to 
gj^  measured for CuTHPP in a CHCI3 glass. We observed at this angle a spectrum consisting of 
four broad not completely resolved lines (Figure 3.10 A). The coupling was much smaller than in 
the powder spectra of CuTHPP. This observation indicates that the orientation of the porphyrin 
deviates from θ = 90°. 
Simulation of the experimental spectra at α = 0° and 90° confirmed this conclusion. Satisfying 
results were obtained for θ ± σ = 63° ±12° (Figure 3.11). For smaller angles of θ the four lines in 
the simulated spectra at α = 0° became unresolved and the spectrum at α = 90° became too 
broad. Larger values of θ gave the opposite effect. Considering the experimental conditions and 
the quality of the cast film an uncertainty in σ of 10° is likely. We may therefore conclude that the 
CuTHPP molecules have a well-defined orientation in the cast films. 
In the spectra of both CuTPP and CuTHPP the hyperfine splitting due to coupling of the copper 
nucleus with the nitrogen ligands is not visible. The molar ratio of the porphyrins in the bilayers 
amounted to R = 0.005. As discussed above, at this concentration the porphyrin molecules are 
mainly present in the form of aggregates, which explain this result. The occurence of aggregates 
was confirmed by optical absorption spectroscopy on the DODAM cast films. Although the 
strong background scattering prevented a detailed interpretation of the absorption spectra, the 
cast films with CuTHPP indeed showed a similar splitting of the porphyrin B-band as vesicular 
solutions of DODAM containing CuTHPP. 
The effect of aggregation on the EPR spectra was particularly evident in the case of CuTPyP. 
EPR spectra of this porphyrin in DODAM cast films (R = 0.005) did not show any dependence on 
the angle a. This result is not due to the absence of any orientation of the porphyrins in the cast 
films, but is due to the lack of anisotropy of the g and A tensors. This phenomenon was also 
noticed in the EPR spectra of the pure compound in the CHCI3 glass. Upon magnetically diluting 
the porphyrin with TPyP the anisotropy of both the g and A tensors became visible. EPR spectra 
of cast films of DODAM containing CuTPyP/ TPyP in a 1:4 molar ratio (total porphyrin to lipid 
ratio R = 0.005) did reveal a clear effect of α (Figure 3.12). The spectra at α = 0° and α = 90° 
suggest that the CuTPyP molecules in the DODAM cast films have an orientation comparable to 
that of CuTHPP molecules. The spectrum at α = 0°, however, shows a less well resolved splitting 
pattern than the spectrum of the latter porphyrin. This indicates that θ is larger for CuTPyP than 
for CuTHPP. 
Simulations of the experimental CuTPyP spectra at α = 0° and 90° gave the best results for θ ± σ 
= 73° ± 12° (Figure 3.13). The line shape of the simulated spectra differed considerably from the 
shape of the experimental spectra. The positions of the lines, however, agreed very well. Other 
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Figure 3.10 EPR spectra of CuTHPP in 
cast films ofDODAM(R = 0.005) with the 
magnetic field parallel to the bilayer normal 
С a= 0°, A) and perpendicular to the bilayer 
normal ( a= 90°, В). T= 6°K. Spectrometer 
conditions: modulated amplitude 4.014 G, 
modulated frequency 100 kHz, microwave 
power 1 mW, microwave frequency 
9.330 GHz, receiver gain 2.104. 
Figure 3.11 Simulated spectra of 
CuTHPP with θ± <r= 63° ± 12° for two 
orientations of the DODAM cast film in the 
magnetic field: bilayer normal parallel to the 
magnetic field ( a= 0°, A) and perpendicular 
to the magnetic field ( a= 90°, B). Values for 
g//, g j , A/f" andAj" were taken from 
Table 3.4, W//= 70 G, Wj= 60 G. 
values for θ and σ gave significant deviations of the positions of the lines in the simulated spectra 
whereas the resemblance of the line shapes did not improve. It must be noted that the 
experimental spectra contain contributions from both TPyP-CuTPyP mixed dimers and CuTPyP 
dimers. If we assume that TPyP and CuTPyP are statistically distributed in the dimers and that the 
intensity of the EPR signal of one molecule of CuTPyP is the same in both species, the 
contribution of CuTPyP dimers to the total signal intensity is 20 % when the TPyP to CuTPyP 
molar ratio is 4 to 1. As already mentioned above the EPR spectrum of pure CuTPyP dimers 
consists of one broad, nearly isotropic line. The occurence of CuTPyP dimers in the magnetically 
diluted sample might therefore account for the deviation in the line shape between the 





Figure 3.12 EPR spectra ofCuTPyP 
diluted with TPyP (molar ratio 1:4) in cast 
films of DODAM (total porphyrin to lipid 
ratio: R = 0.005) with the magnetic field 
parallel to the bilayer normal ( a= 0°, A) and 
perpendicular to the bilayer normal 
(a= 90o,B). T= 6°K. Spectrometer 
conditions: modulated amplitude 4.014 G, 
modulated frequency 100 kHz, microwave 
power 1 mW, microwave frequency 9.203 
GHz, receiver gain 2.104. 
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Figure 3.13 Simulated spectra ofCuTPyP 
with θ± σ= 73" ±12°for two orientations of the 
DODAM cast film in the magnetic field: bilayer 
normal parallel to the magnetic field ( 0= 0°, A) 
and perpendicular to the magnetic field 
(a= 90°, B). Values for
 8//, g¿. A/" , A ƒ" , 
A//1 and A J1 were taken from Table 3.4, 
Wff=lSÓG,W_¿*35.6G. 
Attempts to obtain EPR spectra of monomeric copper porphyrins in DODAM cast film by using 
very low molar ratios (R < 0.0005) were unsuccessful. At R = 0.0005 the spectra showed a clear 
effect of the orientation but were still similar to those at R = 0.005, i.e. they did not show any 
nitrogen hyperfme splitting. Apparently, the porphyrins in cast films are still mainly present as 
aggregated species. Our fluorescence experiments on porphyrins in DODAC bilayers, however, 
showed that at these R values the porphyrins should mainly be present as monomeric species. It 
should be noted that the drying process during the preparation of the DODAM cast films took 
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place at room temperature. At this temperature lipid bilayers of DODAM are in the liquid-
crystalline state. The fluorescence spectroscopic measurements on the other hand, were carried 
out above the phase transition temperature of the DODAC bilayers. This different experimental 
conditions may have influenced the state of aggregation of the porphyrins. At lower porphyrin 
content, R = 0.00025, the signal to noise ratio of the EPR spectra became to low to observe any 
effect of the orientation or to see nitrogen hyperfine splitting. 
3.3 Discussion 
Our UV-vis and fluorescence studies show that at low concentrations the porphyrins in the bilayer 
are mainly present as monomelic species. The location of these species depends on the nature of 
the substituents on the porphyrin. The presence of four long lipophilic substituents as in THPP 
leads to a disposition of the porphyrin near the center of the bilayer, whereas one hydrophilic 
substituent as in TPyP is already sufficient to force this molecule to take a position near the 
interface. Without substituents the porphyrin molecule is relatively free to move. Its position 
along the bilayer normal is less well defined. 
Increasing the concentration of the porphyrins in the bilayers leads to the formation of aggregates. 
As expected, the aggregation number of the charged porphyrin TPyP is smaller than that of the 
uncharged ones (2 versus -4 at R = 0.005). This ability of porphyrins to form aggregates is often 
overlooked in studies that deal with porphyrins in bilayer systems. Only the use of sterically 
hindered porphyrins or porphyrins that have strong electrostatic interactions with the lipid 
molecules seems to prevent formation of aggregates up to high concentrations of the porphyrins 
in the bilayer.4·15 
In almost all porphyrin aggregates of which the structure is known, both in solution and in the 
crystalline state, the porphyrin xy-planes arc stacked in a cofacial arrangement with a interplanar 
distance ranging from 3.5-4 Â (Figure 3.14).32·33 The porphyrin rings are not rotated around any 
of the three axis, but there is a considerable displacement along the x- and y-direction. If we leave 
out of consideration solvent effects or crystal packing forces, the formation of aggregates of 
porphyrins seems to be dominated by van der Waals interactions between the porphyrin rings. 
Electrostatic interactions are of minor importance in this respect34 These electrostatic 
interactions however, do control the geometry of the aggregates. Information on this geometry 
comes from changes in the absorption and fluorescence spectra of the porphyrins. As was already 
mentioned in the Results section, these changes are the result of exciton coupling. Several 
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Figure 3.14 Arrangement of porphyrins in aggregates (А); т
сс
 is the vector 
between the molecular centers of the porphyrins and Q, ñ, and Ç£ are the angles 
between rcc and the porphyrin Xp, y and zp axes, respectively. Two types of 
aggregates are shown, viewed along zp: a 'face to face' type of aggregate, in which 
the displacements along the xp and y axis are equal (B) and an 'edge to edge ' type 
of aggregate, in which the displacement along the χ axis is larger than along the y 
axis (C). 
qualitative explanation. This theory predicts that interactions between localised transition dipole 
moments can cause a splitting of the absorption bands. For a dimer the resulting transition energy 
(Edimer) is related to the transition energy of the monomer (E
m o o o m c r
) by equation 2, in which D is 
a dispersion energy temi and e is the exciton splitting energy. In case of cofacially arranged 
chromophores e is related to the transition dipole moment (q) and the geometry of the aggregate, 
as given by equation 3. 
Edimer = Emonomer + D ± 6 (2) 
e = (2q2/rcc3)(l-3cos2Ç) (3) 
In equation 3 rcc is the center to center distance of the two chromophores in the aggregate and φ 
is the angle between the center to center vector and the transition dipole moment (Figure 3.14). 
Since one of the two resulting transitions is symmetry forbidden, exciton splitting usually results 
in only one absorption band. In porphyrins, however, the excited state is two-fold degenerated, 
with one transition dipole moment aligned along the x-axis and the other along the y-axis. By use 
of eqns. 2 and 3 changes in the absorbance spectra are easily interpreted in terms of displacements 
of the porphyrin molecules along the x- and y-axis (see Figure 3.14). 
Aggregation of THPP causes a splitting of the B-band into one band of lower intensity at 402 nm 
and one band of higher intensity at 436 nm. This splitting can be explained by an edge-to-edge 
orientation of the molecules (Figure 3.14). In this orientation there is a larger displacement along 
the x-axis and a smaller displacement along the y-axis. The red-shifted component in the visible 
spectrum originates from an interaction of the transition dipoles aligned along the x-axis with φ
χ 
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being smaller than 54.7°. The blue-shifted component originates from interactions of the transition 
dipoles aligned along the y-axis, with (py larger than 54.7°. Similar changes in the absorption 
spectra have been reported for thin films of THPP35 and for monolayers of 5,10,15,20-tetrakis-
(4-octyloxyphenyl)porphyrin (OHPP).25 Apparently, the matrix has little effect on the 
spectroscopic properties of the porphyrin molecules in the aggregates. The structure of 
aggregates of the porphyrins in monolayers of OHPP is similar to that in Figure 3.14C. For the 
porphyrin molecules in these aggregates φ
χ
 and (py amounted to approximately 49° and 61°, 
respectively. 
In the case of TPP and TPyP the shift of the absorption maximum of the B-band is very small and 
no splitting is observed. We may therefore conclude that the displacement of the porphyrin 
molecules in the aggregates must be nearly the same in the x- and y-directions. Because of the 
small shift φ
χ
 and (py must be close to 54.7°. If it is assumed that the distance between porphyrin 
planes is 3.5 to 4 À, this corresponds to a displacement along the x- and y-axis of 2.5 to 3 À. In 
crystalline TPP the porphyrin molecules are displaced along the x- and y-axis by 3.3 A. The center 
to center distance in the crystals is 5.9 À, hence φ
χ
 and (py amount lo 56°.36 
We have already noted that the geometry of the aggregates is mainly controlled by electrostatic 
interactions between the porphyrin molecules. It is therefore reasonable to assume that the 
arrangement of the porphyrins in our aggregates will be similar to those reported in the literature. 
We will use these arrangements from the literature in the following discussion. The angles φ 
describing the stnictures of the aggregates are summarized in Table 3.5. For the aggregate 
structure of THPP and TPP we have adopted the values of φ that have been reported in the 
literature for monolayers of OHPP and for crystals of TPP. For TPyP no data are available. The 
Table 3.5 Parameters describing the structure of the porphyrin aggregates and the 
orientation in DODAM cast films 
Porphyrin 





56° 56° 52.4° 
54.7° 54.7° 54.7° 
49° 61° 55° 
θ σ ω3 
30° 30° 0° 
73° 12° 69° 
63° 12° 56° 
a) These parameters have been taken from the crystal structure of TPP (ref. 36). b) These 
parameters have been taken from the structure of OHPP aggregates (ref. 25). 
c) φ
ζ




 by the following equation: cos2 <pz = sin2 φχ + im 2 ç>y -1. 
angles (px, (py, and φ
ζ
 are therefore set to 54.7° (see above). 
Recently, Kunitake et al. have reported on the orientation of porphyrins with hydrophobic and 
negatively charged substituents in cast bilayers formed by positively charged amphiphiles.15 They 
showed that a porphyrin with four symmetrically distributed negatively charged groups is oriented 
with the porphyrin plane parallel to the surface of the bilayers. This orientation is most likely the 
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result of ion-pairing of the substituents with the amphiphile headgroups. On the contrary, a non-
symmetrically substituted porphyrin, bearing two negatively charged substituents on one side of 
the central porphyrin nucleus and two hydrophobic substituents on the opposite side was oriented 
more or less perpendicular to the bilayer surface. The precise orientation of this porphyrin plane 
matched the tilt angle of the lipid chains. Our EPR measurements on the orientation of the 
porphyrins in DODAM cast films are more difficult to interpret than Kunitake's measurements as 
our porphyrins are present as aggregates. The measured angles between the porphyrin normals 
and the bilayer normal should therefore be discussed in terms of the orientation of the aggregated 
species in the bilayer and not of the monomeric species as in Kunitake's case. In order to do so a 
coordinate system (xyz)
a
 for the porphyrin aggregate is defined as indicated in Figure 3.15 A. In 
this coordinate system the z
a
 axis coincides with the center to center vector r^ between two 
porhyrin molecules in the aggregate (see also Figure 3.14). The porphyrin zp axis is situated in the 
(X7.)
a
 plane. It is most convenient now to describe the orientation of the aggregated species in the 
DODAM bilayers by the angle between z
a
 and the bilayer normal zb. We can distinguish three 
possible orientations: z
a
 is oriented parallel to zb (Figure 3.15 B), za is oriented perpendicular to 
zb (Figure 3.15 D), or za has an intermediate orientation (Figure 3.15 C). A proper orientation of 
porphyrin molecules in the cast films requires that the aggregates are aligned along the surfactant 
molecules. We found that the tilt angle of the surfactant molecules in the cast bilayers is smaller 
than 10°. Alignment of the aggregates along the surfactant molecules therefore implies that z
a 
should be oriented either parallel to z^ or oriented perpendicular zb. 
In the case of a parallel arrangement of z
a
 and zb the measured angle θ should be equal to φζ. 
Although the structures of the aggregates of the three porphyrins may differ, φ
ζ
 will remain more 
or less constant with a value of approximately 54° (Table 3.5). The measured values of θ (Table 
3.5) differ significantly from this value for TPyP and TPP. A parallel orientation therefore is 
unlikely. Moreover, such an orientation would place only one of the positively charged porphyrins 
in the aggregates of CuTPyP near the surface of the bilayer. 
In the case of THPP the difference between θ and φ
ζ
 is only 9°. This could point to an alignment 
of the porphyrin aggregates along the surfactants molecules which have a tilt angle of similar 
value (X-ray results, vide supra). In such an arrangement the aggregate z
a
 axis is no longer 
parallel to zb but has a angle towards zb equal to the tilt angle of the surfactant molecules (Figure 
3.15 C). In this case rotation of the aggregates around z
a
 does change the angle between z- and 
zb. One can easily see that the maximum and minimum angles between z- and zb are equal to the 
sum and the difference of φ
ζ
 and the till angle, respectively. The averaged angle between Zp and 
zb, however, is still similar to <pz. When rotation of the aggregate around its axis is not hindered 
an angle of 9° between т^ and zb should have resulted in an overall orientation of THPP towards 
zb of 55
0± 9°. This still does not agree with the experimental value of θ ± σ = 63° ± 12°. 
The alternative is a perpendicular orientation of z
a
 with respect to zb. When xa is chosen to be 
parallel with z b, the measured angle θ is the complement of φ ζ in the xaza plane: (90ο-φζ). 
Comparison of θ with this complement shows that they are different Rotation of the aggregates 
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Figure 3.15 The coordinate system for aggregates of porphyrins (A), and the 
possible orientations of the z-axis of the aggregate with respect to the bilayer 
normal: za parallel to zb (B), za at an intermediate angle with z¿, (C) and za 
perpendicular to Zf, (D). 
around zb is possible but this does not change the orientation of Zp towards zb. Rotation around 
za, however, does change the orientation of Zp towards zb (Figure 3.15 D). The relation between 








Rotation of the aggregate around z
a
 may result in preferred values for со
а
 as the aggregates have 
no cylindrical symmetry. Certain discrete Cûa values will result in a more favorable disposition of 
the porphyrin molecules in the bilayer than other ω3 values. This will especially be the case for 
CuTPyP. The charged substituents in the aggregates of this porphyrin will preferentially be 
located near the aqueous interface. Calculation of ш
а
 for a perpendicular orientation of z
a
 and zb 
using the values of θ and φ
ζ
 in Table 3.5 reveal that this angle of rotation must have values of 56° 
and 69° for CuTHPP and CuTPyP, respectively. The σ values found for CuTHPP and CuTPyP 
implicate that rotation around z
a
 is strongly hindered, since variations in ω3 would have resulted 
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Figure 3.16 Proposed arrangement of aggregates ofTHPP ( left) and TPyP 
(right) in bilayers of dioctadecyldimethylammonium surfactant vesicles. 
in a higher value of σ. Taken together we may conclude that an orientation of the aggregates as 
depicted in Figure 3.15 D nicely describes the experimental results for CuTHPP and CuTPyP. 
For TPP the situation is less clear. As we already discussed above a small tilt angle of the 
surfactant molecules of approximately 10° accompanied by a similar tilt angle between the 
aggregate axis and the bilayer normal causes a maximum change in the angle between z- and zb 
(equal to φ
ζ
 for a parallel arangement of z
a
 and zb) of 10°. This does not account for the observed 
value of θ ± σ = 30° ± 30°. A perpendicular arrangement of z
a
 and zb also does not give a 
satisfying explanation for the experimentally found orientation between z» and zb. Evaluation of 
equation 5 gives for φ
ζ
 = 54.7° a minimum value of θ = 35.3° if (o
a
 = 0°, whereas the 
experimentally determined value of θ ± σ amounts to 30e ± 30°. The large value of σ could have 
explained for the difference but as we have already mentioned only a minor part (approximately 
10°) can be ascribed to the experimental error in the determination of the orientation. The major 
part of σ does represent a real variation of the angle between Zp and zb. This is most likely due to 
an unhindered rotation of the aggregate around its axis. In the case of a perpendicular 
arrangement of z
a
 and zb, rotation around za would have caused θ to range from (90ο-φζ) to 
(90ο+φ
ζ
), which is entirely different from the observed value of θ and σ. We therefore have to 
conclude that the observed orientation of CuTPP in cast films of DODAM can not be adequately 
explained by one of our models. 
In the case of CuTHPP and CuTPyP rotation around the aggregate z
a
 axis of 56° and 69°, 
respectively, makes the porphyrin x-axis to become approximately parallel to the z
a
zb plane. A 
consequence of this is that two adjacent phenyl substituents of CuTHPP will be located in one of 
the monolayer halves and the two opposite phenyl substituents in the other monolayer half. This 
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allows the porphyrin alkyl chains to be aligned with the lipid alkyl chains (Figure 3.16 A). In the 
case of CuTPyP two hexadecyloxyphenyl chains will point to the hydrophobic part of the bilayer 
whereas the positively charged substituent together with one hexadecyloxyphenyl will point 
towards the aqueous interface.The latter chain is most likely bent backwards into the bilayer 




Н NMR spectra were recorded on a Bruker WH 90 instrument (90 MHz). Chemical shifts are 
given in ppm downfield from tetramethylsilane. Abbreviations used are s = singlet, d = doublet, t 
= triplet, m = multiplet, b = broad. Transmission and scanning electron microscopy were carried 
out with Philips EM 201 and JEOL 100 CXII instruments, respectively. A Branson 2200 
sonication bath was used for the preparation of the vesicles by the sonication method. EPR 
spectra were recorded on a Bruker ESP 300 spectrometer, equipped wit a Oxford flow cryostate 
and a goniometer. Infrared and Uv-vis spectra were recorded on Perkin Elmer 298 and Perkin 
Elmer Lambda 5 spectrophotometers, respectively. Steady state fluorescence measurements were 
carried out on a Perkin Elmer MPF 4 fluorospectrometer. Time resolved fluorescence 
measurements were performed in the group of prof. J. Verhoeven (Laboratory of Organic 
Chemistry, University of Amsterdam, The Netherlands). The equipment used for these 
measurements is described elsewhere.37 The cuvettes for Uv-vis and fluorescence measurements 
were thermostatted with an accuracy of 0.10C. 
Materials 
Technical grade solvents were used, unless otherwise indicated. DMF and THF were distilled 
before use. Column chromatography and TLC were performed on silica (Merck, silica gel 60H 
and precoated F-254 plates, respectively). For the preparation of the vesicles Uvasol grade 
solvents (Merck) and de-ionized and triple distilled water were used. 
5,10,15,2()-Tetraphenylporphyrin, Copper(II)-5,10,15,20-tetraphenylporphyrin, and Zinc(n)-
5,10,15,20-tetraphcnylporphyrin were prepared according to literature procedures.38·39 
4-Hexadecyloxybenzaldehyde, 9(10)-bromooctadecanoic acid and 16-bromohexadecanoic acid 
were prepared as described in the literature.40·41-42 
N,N-Dioctadecyl-N,N-dimethylammonium Chloride (DODAC) 
N,N-dioctadecyl-N,N-dimethylammonium bromide (DODAB, purchased from Eastman Kodak) 
was converted into the chloride form by ion exchange chromatography using a 30 χ 30 cm 
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column packed with Amberlite IRA 410 resin (chloride form, eluent ethanol). The product was 
recrystallized three times from ethylacetate: white crystals; TLC (silica gel, eluent 10 vol. % of 
methanol in CHCI3) Rf = 0.1, single spot (a mixture of DODAB and DOD AC showed two spots); 
Anal. Caled, for Сз8Н80ЫС1.Н2О: С 75.50 %, H 13.67 %, Ν 2.32 %, Found: С 75.71 %, 
Η 13.61 %. Ν 2.42 %. 
N,N-Dioctadecyl-N,N-dimeíhylammonium Methacrylate (DODAM) 
Freshly distilled methacrylic acid (20 mL) was dissolved in 100 mL of water and neutralized with 
a 2.5 M aqueous sodium hydroxide solution. This solution was passed over a 3 χ 30 cm column 
loaded with Amberlite IRA 410 anion exchange resin (chloride form). Following this, the column 
was eluted with 200 mL of water and with 200 mL of ethanol. DODAB (10 g, 0.016 mol) was 
dissolved in 50 mL of warm ethanol and passed over this column. After evaporation of the solvent 
the product was recrystallized from ethylacetate: white powder; yield 9.07 g (90 %); TLC 
(silicagel, eluent 10 vol. % of methanol in CHCI3) Rf = 0.05, single spot; mp 59-610C; Anal. 
Caled. forC42Hg5N02-2.5H20: С 73.51 %, H 13.95 %, Ν 2.04 %, Found: С 73.83 %, 
Η 13.76%, Ν 2.41%. 
21,23-2H-5,10,lS,20-Tetrakis-(4-hydroxyphenyl)porphyrìn 
Freshly distilled pyrrole (12.5 g, 0.186 mol) was slowly added to 22.7 g (0.186 mol) of 
4-hydroxybenzaldehyde in 425 mL of rcfluxing propionic acid. Refluxing was continued for 45 
min. After standing overnight at room temperature the propionic acid was removed under 
vacuum. The porphyrin was isolated from the resulting black tar by flash chromatography (silica, 
eluent 10 vol. % of ethanol in CHCI3): purple powder; yield 2.9 g (9.2 %); Ш-птг (acetonc-d6) 
δ: 9.0 (s, 8H, ß-pyrrole), 8.1 (d, 8H, 2,6-phenyl), 7.3 (d, 8H, 3,5-phenyl), -2.5 (b, 2H, NH); 
UV/vis (CH2C12) λ/ nm : 400, 514,550,592, 649; IR (neat) υ/cm"1: 3400 (OH), 1610 (C=C), 
1510 (C=C), 1170 (C-O), 800 (C-H). 
21,23-2a-5,10,15,20-Tetrakis-(4-hexadecyloxyphenyl)porphyrin(THPP) 
21,23-2#-5,10,15,20-Tetrakis-(4-hydroxyphenyl)porphyrin (200 mg, 0.3 mmol) and 200 mg of 
powdered sodium hydroxide were dissolved in 10 mL of DMF by stirring under a nitrogen 
atmosphere. Hexadecyl bromide (1.1 g, 3.6 mmol) dissolved in 20 mL of toluene was added and 
stirring was continued at 70oC for 4 h. After cooling to room temperature the reaction mixture 
was poured into 100 mL of water from which the productwas extracted with CHCI3 (3 χ 50 mL). 
The organic layers were combined, washed 3 times with 50 mL of water, dried (anhydrous 
sodium sulfate), and concentrated under vacuum. The crude product was purified by flash 
chromatography (silica, eluent 50 vol. % of hexane in CHCI3), followed by recrystallization from 
1,4-dioxane: purple powder; yield 410 mg (88 %); ^-nmr (CDCI3) δ : 8.85 (s, 8H, ß-pyrrole), 
7.95 (d, 8H, 2,6-phenyl), 7.15 (d, 8H, 3,5-phenyl), 4.15 (t, 8H, OCH2), 1.1-2.1 (b, 112H, CH2), 
0.9 (t, 12H, CH3), -2.7 (b, 2H, NH); UV/vis (CH2a2) λ/ nm, (log (e / M^.cm·1)): 416 (5.03), 
518 (4.23), 555 (4.09), 593 (3.68), 650 (3.91); IR (neat) Wem"1: 1610 (C=C), 1510 (C=C), 
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1176 (C-O), 800 (C-Η).; Anal. Caled, for C10gH158N4O4-C4HgO: С 80.82 %, H 10.05 %, 
Ν 3.37 %, Found С 80.01 %, Η 10.18 %, Ν 3.40 %. 
Zinc-5,10,15,20-Tetrakis-(4-hexadecyloxyphenyl)porphyrin(ZnTHPP) 
21,23-2^ƒ-5,10,15,20-Tetrakis-(4-hexadecyloxyphenyl)poφhyгin (100 mg, 0.063 mmol) was 
dissolved in a mixture of 10 mL of DMF and 15 mL of toluene, and heated to reflux. Zinc acetate 
dihydrate (400 mg) was added to the boiling solution and the course of the reaction was followed 
by UV-vis. Refluxing was continued until the absorption bands of the free base porphyrin had 
vanished. After cooling to room temperature 25 mL of toluene and 50 mL of water were added. 
The organic layer, containing the zinc porphyrin, was washed three times with 50 mL of water 
and three times with 50 mL of 5 wght. % aqueous sodium carbonate solution. The organic layer 
was dried (sodium sulphate) and concentrated in vacuum. The crude product was purified by flash 
chromatography (silica, eluent 50 vol. % of hexane in CHCI3): purple powder; yield 102 mg 
(98%); UV/vis (CH2C12) λ/ nm, (log (ε/ МЛспг1)): 423 (5.50), 545 (4.10), 592 (3.80); 
IR (neat) Wem"1: 1606 (C=C), 1510 (C=C), 1176 (C-O), 806 (C-H). 
Copper-5,10,15,20-tetrakis-(4-hexadecyloxyphenyl)porphyrin(CuTHPP) 
This porphyrin was synthesized starting from THPP (100 mg) as described for ZnTHPP: purple 
powder; yield 98 mg (94%); UV/vis (CH2C12) λ / nm, (log (ε / М^.ст 1)): 419 (6.30), 541 
(5.10), 580 (3.30); IR: (neat) Wem"1: 1607 (C=C), 1510 (C=C), 1176 (C-O). 804 (C-Η); Anal. 
Caled. f o r q e g H ^ N ^ C u : С 79.19 %, Η 9.60 %, Ν 3.42 %, Found С 78.35 %, Η 9.52%, 
Ν 3.45 %; 
21,23-2ll-5,10,15'Tris-(4'hexadecyloxyphenyl)-20-(4-pyridyl)porphyrin 
Freshly distilled pyirole (4 mL, 57 mmol) was slowly added to a solution of 
4-hexadecyloxybenzaldehyde (5.1 g, 14 mmol) and 4-pyridinecarbaldehyde (4.5 mL, 42 mmol) in 
240 mL of refluxing propionic acid.43 Refluxing was continued for 2.5 h. A mixtures of 
porphyrins was isolated by flash chromatography (alumina, eluent CHCI3). Four different 
fractions were obtained from which one was identified as 21,23-2W-5,10,15-tris-(4-
hexadecyloxyphenyl)-20-(4-pyridyl)porphyrin: purple powder; yield 0.42 g (7 %); 'H-nmr 
(CDCI3) δ : 8.8 (s, 8H, ß-pyrrole), 8.7 (d, 2H, pyridyl), 7.9 (m, 8H, 2,6-phenyl and pyridyl), 7.1 
(d, 6H, 3,5-phenyl), 4.05 (t, 6H, OCH2), 1.1-2.1 (b, 84H, CH2), 0.9 (t, 9H, CH3); UV/vis 
(CH2a2) λ/ nm: 421, 519, 554, 592,649. 
21,23-2H-5,10,15-Tris-(4-hexadecy¡Oxyphenyl)-20-[4(l-methylpyridinium)]porphyrin tosylate 
(TPyP) 
21,23-2//-5,10.15-Тгі5-(4-Ьехааесу1охурЬепу1)-20-(4-ругігіуІ)рофЬугіп (100 mg), 0.1 mL of 
methyltosylate, and 0.1 mL of 2,6-dimethylpyridine were dissolved in a mixture of 6 mL of 
toluene and 3 mL of acetonitrile, and stirred at 80oC under an atmosphere of nitrogen for 16 h. 
After cooling to room temperature the reaction mixture was poured over a glassfilter filled with 
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silica. After washing with 50 mL of CH2CI2 the pure product was isolated by elution with 10 vol. 
% of methanol in CHCI3: purple powder; yield 70 mg (60 %); ІН-птг (CDCl·,) δ: 9.5 (b, 2H, 
pyridyl), 8.8 (s, 8H, ß-pyrrole), 8.6 (b, 2H, pyridyl). 8.1(d, 2H, tosylate), 7.9 (d, 6H, 2,6-phenyl), 
7.3 (d, 2H, tosylate), 7.1 (d, 6H, 3,5-phenyl), 5.0 (s, 3H, pyridyl-NCH3), 4.2 (t, 6H, OCH2), 2.2 
(s, 3H, tosylate-CHj), 1.1-2.1 (b, 84H, CH2), 0.9 (t, 9H, CH3); UV/vis (CHjCy λ / nm, 
(log (ε / M-î.cm·1)): 424 (5.15), 571 (4.01), 658 (3.79); IR (neat) υ/ cm 1 : 3318 (NH), 3095 
(CH-Py), 3049 (CH-Py), 1607 (C=C), 1510 (C=C), 1244 (SO), 1175 (CO). 
Copper-5,10,15-tris-(4-hexadecyloxyphenyl)-20-(4-pyridyl)porphyrin 
This compound was synthesized starting from 21,23-2/í-5,10,15-tris-(4-hexadecyloxyphenyl)-20-
(4-ругіау1)рофЬугіп (46 mg), as described for ZnTHPP. The purple product gave a single spot on 
TLC: Yield 48 mg (99 %); UV/vis (CH2C12) λ / nm): 424, 546, 584. 
Copper-5,10,15-tris-(4-hexadecyloxyphenyl)-20-[4-(l-methylpyridinium)]porphyrin tosylate 
(CuTPyP) 
This compound was synthesized starting from Copper-5>10,15-tris-(4-hexadecyloxyphenyl)-20-
(4-pyridyl)porphyrin (48 mg), as described for TPyP. The product gave a single spot on TLC: 
Yield 31 mg (60 %); UV/vis (CfyCy λ/ nm: 419,546,594; 
Preparation of vesicles 
In a test tube the desired amount of a stock solution of the porphyrin in CH2CI2 (1-5 mM) was 
added to a solution of 14.6 mg (25 μιηοΐ) of DODAC in 0.5 ml of CH2CI2 .The solvent was 
evaporated under a stream of nitrogen to leave a homogeneous mixed film of the porphyrin and 
the surfactant This sample was dried for 2 h. in a vacuum exsiccator at 0.2 mmHg. For samples 
prepared by the sonication method 5 mL of water (preheated at 50oC) was added to the mixed 
film while vortexing. The resulting dispersion was placed in a bath-type sonicator and sonicated 
for two h. at 50°C. For samples prepared by the ethanol injection method the mixed film was 
solubili/ed in 100 mL of ethanol/THF (1/2 v/v). Part of this solution (50 μι) was injected into 2.5 
ml of water (preheated at 50CC), while vortexing. Samples prepared by the two methods were left 
to equilibrate at 50oC for 16 h. and were finally filtered over 0.2 μπι Millipore filtere. 
Measurements of the incorporation efficiency 
Aqueous dispersions of 5 mM of DODAC and 2.5 - 25 μΜ of the porphyrin were prepared as 
described above. Aliquots (1 mL) of these dispersions were centrifugated for 30 min. at 10,000 g. 
The amount of porphyrin present in the dispersion before centrifugation was determined by 
diluting 0.1 mL of the dispersion with 0.9 mL of THF and measuring the absorbance at the B-
band maximum (Α,^^^^υ). The amount of porphyrin solubilized by DODAC was measured 
similarly as Α^ρ^.,,.^ of the supernatant obtained after centrifugation of the dispersions. The 
fraction of porphyrin incorporated was calculated from ASUpernatant / Α ^ ^ ^ . 
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Fluorescence measurements 
Fluorescence measurements were carried out in duplo and at least for two different vesicle 
preparations. Before measuring the samples where purged with argon for 20 min. Quenching of 
the fluorescence was studied by titrating 1 mL of a vesicle solution (R = 5.1(H, 
[porphyrin] = 10"6 M) with 5 μ ι aliquots of a 5 mM stock solution of the quencher (aqueous 
solutions of sodium iodide or (brominated) fatty acids dissolved in ethanol). Ethanol had no effect 
on the fluorescence intensity, nor had sodium chloride, as was checked separately. The 
fluorescence intensity was recorded 3 min. after each addition of the quencher during 1 min. The 
measured fluorescence intensities were corrected for volume increments. 
Preparation of cast bilayers for the EPR measurements 
Vesicle dispersions of DODAM (5 mM) containing porphyrin were prepared by the ethanol 
injection method. Aliquots of these dispersions (2 mL) were left to dry on a Mylar film in an 
exsiccator over sodium hydroxide. The resulting brittle films were carefully cut into 3x15 mm 
strips. In general 15 to 25 strips were stacked on a quartz rod and fixed with Sellotape. This rod 
was subsequently placed in the EPR spectrometer. The angle α could be set by the goniometer. 
Electron microscopy 
Samples for transmission microscopy were prepared by the negative staining method. Carbon 
coated grids were made hydrophylic by exposure to an argon plasma for 2 min. A droplet of a 2.5 
mM DODAC suspension was placed on the grid for 1 min. after which it was drained with filter 
paper. Following this a droplet of a 1 wght % aqueous uranyl acetate solution was placed on the 
grid and also removed after one min. 
Samples for scanning electron microscopy were prepared by fixing a piece of the cast film 
between two microscope slides and fracturing the film in liquid nitrogen at the edges of the slides. 
The sample was immediately covered with a moderate gold layer by ion sputtering. 
Simulations of the EPR spectra 
For the simulations a modified version of a program written by Dr. W.R. Hagen was used. The 
analytical expressions used in this program are derived from perturbation theory up to 2n d order 
for the central ion and 1st order for the ligand nuclear spins. All hyperfine tensors were assumed 
to be colinear with the g tensor. Quadrupole interactions were ignored and natural abundance 
distribution of the copper isotopes was assumed. The line shape was assumed to be gaussian and 
via asymmetry parameters related to the metal nuclear spin quantum number.44 For the simulation 
of the EPR spectra with an anisotropic distribution of the porphyrin in the magnetic field we used 
the expressions for the direction cosines from ref. 15. The definitions of the coordinate system for 
the magnetic field, the cast film, and the porphyrin molecule used in this paper are consistent with 
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4 Reduction of nicotinamides, flavins and 
manganese porphyrins by formate, catalyzed by 
membrane bound rhodium complexes 
4.1 Introduction 
Biological membranes play a vital role in many life processes which include transport of ions for 
normal cell functioning, electron transport, e.g. in the oxidative phosphorylation pathway, charge 
separation during the complex events of photosynthesis, and the assembling of the components 
required for the reductive activation of molecular oxygen by the Cytochrome P450 enzymes. A 
number of studies have appeared dealing with artificial systems that mimic certain membrane 
functions. Some of these studies focus on electron transport across the membrane using mediators 
like viologens,1 flavins2 and porphyrins3 which are incorporated in the membrane matrix. In the 




we became interested in developing an efficient catalytic system for the reduction of porphyrins 
incorporated in the hydrophobic part of a synthetic membrane by a reducing agent present in the 
aqueous phase. 
Studies on the mechanism of the reductive activation of molecular oxygen catalyzed by 
metalloporphyrins have shown that one of the crucial steps is the fast transfer of two electrons 
from the reductor via the mediator to the metal center.6 Further supply of electrons should be 
prohibited since this leads to the non-productive degradation of the intermediate active oxygen 
species (supposedly a high-valent metal-oxo porphyrin7) to water. The use of an NADH analogue 
as the primary reducing agent in combination with a flavin as the electron carrier and a water 
soluble manganese porphyrin as the catalytic center has proven to be successful.8 However, one 
of the problems of this system is the recycling of the NADH. Until a few years ago only the 
chemical reductor dithionite or enzymes could be used successfully to regenerate NADH.9 
Recently, Steckhan et al. have shown that the combination of sodium formate and a dichloro 
rhodium(m)(pentamethylcyclopentadienyl)(2,2'-bipyridine) complex (abbreviated as RhCp*(2,2'-
bipyjcy can be applied to convert NAD+ to NADH.10 This prompted us to investigate whether 
this combination of reagents could replace the primary reductor (Рі/Нг) in our previously 
reported membrane-bound Cytochrome P450 mimic and could improve the activity of this model 
system. 
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Chart 4.1 
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As part of this investigation we report here on the incorporation characteristics and catalytic 
activity of amphiphilic and polymenzable derivatives of RhCp*bipyCl2 in polymerized bilayers of 
the surfactant N-hexadecyl-A411-methacryloxyundecyl)-./V,N-dimethyl ammonium chloride11 
(MHACl) (Chart 4.1). Compounds RhC6 and RhCn differ in the length of the spacer between the 
methacrylate group and the rhodium complex. We presumed that after copolymerization of the 
compounds with MHACl the rhodium complex would be positioned at different locations in the 
bilayer. In case of RhN the rhodium complex is connected via a spacer to the quarternairy 
ammonium headgroup. When incorporated in the bilayers of MHACl this rhodium complex has 
the possibility to shuttle between the aqueous phase and the hydrophobic membrane. We studied 
the catalytic activity of our rhodium complexes in the reduction of various hydrophilic and 




NA+: R= H 
Ο
θ
ΝΑ+: R= С Н1 7 
C12NA+: R=C12H25 MnTSPP: В=80зЫа Fl 
C16NA+: Я=С16Нзэ ΜηΤΉΡΡ: Р=ОС16Нзз 
4.2 Results 
4.2.1 Synthesis 
The rhodium complexes RhC6, КЬСц, and RhN were synthesized according to Scheme 4.1. The 
starting compound 5-methyl-2)2
,
-bipyridine (1) was obtained by condensation of 
(2-pyridyl)carbonylmethylpyridinium iodide, methacrolein, and ammonium acetate in formamide12 
(yellow oil, yield 93 %). Compound 1 was oxidized to the carboxylic acid 2 by potassium 
permanganate in water13 (yield 50 %), and treated with thionyl chloride to give the chlorocarboxy 
derivative 3. Thus unstable yellow solid compound was immediately coupled to 6-aminohexanol 
or 11-aminoundccanol to give the 2,2'-bipynáine derivatives 4 and 5 as white solids in 
approximately 51 % yield. Reaction of 4 and 5 with methacryloyl chloride and pyridine gave the 
esters 6 and 7 as white solids in 64 % and 59 % yield, respectively. The 2,2'-bipyridine surfactant 
9 was obtained by coupling of the amine surfactant 8 with 3 (yield 56 %). 
The 2,2'-bipyridine derivatives 6, 7, and 9 were treated with [RhCp*Cl2]2 in methanol to give the 
rhodium complexes RhC6, КІіСц, and RhN, respectively, in high yields.14 The complexes 
precipitated from the reaction mixture as yellow solids upon addition of diethyl ether. They 
readily dissolved in organic solvents such as methanol, ethanol, chloroform and tetrahydrofuran. 
Compounds RhC6 and RhCn also formed optically clear solutions in water. Dissolving RhN in 
water required healing to 50oC and vortexing, whereupon an opalescent dispersion was formed. 
This suggests that this compound forms aggregates, probably bilayer structures (not investigated). 
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Scheme 4.1 
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Upon ultrasonic dispersion in water the polymerizable surfactant MHACl forms closed vesicles 
with a spherical shape, as was confirmed by electron microscopy. The methacrylate moiety in the 
bilayer of the vesicles can be polymerized by ultraviolet irradiation or by the addition of radical 
initiators.11·15 The latter method is known to give the best results, i.e. the polymer chains in the 
bilayers have the highest molecular weight16·17 We therefore chose for this procedure (see 
Experimental section). UV-vis (disappearance of the band at 205 nm) and Ή nmr (disappearance 
of the vinyl proton signals) revealed that polymerization was complete within 2 hours. 
Incorporation of RhC6 or RhCn in bilayers of MHACl was investigated by gel permeation 
chromatography (GPC). GPC of unpolymerized dispersions of MHACl and RhC6 or RhCn gave 
two distinct fractions (Figure 4.1 A). The first fraction, eluting with the void volume of the 
column, contained only MHACl and the second fraction only RhC6 or КЬСц, as was clear from 
the UV-vis spectra. Apparently, the rhodium complexes had not been incorporated in the 
unpolymerized bilayers of MHACl. After polymerization the elution profile of the dispersions had 
changed (Figure 4.1 B). Both fractions still eluted at the same volumes, but the first fraction now 
contained polymerized MHACl as well as RhCn or RhC6. The peak area of the second fraction 
had decreased to approximately 5 % of its original value. Apparently, RhCn and RhC6 were 













Elution Volume / mL • 
Figure 4.1 Gel permeation chromatograms ofRhC
n
 and MHACl before 
polymerization (—, A) and after polymerization (—,B). 
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The fraction of initially added ШіСц or RhC6 that was incorporated into the MHACl bilayers by 
copolymerization ranged from 80 - 90 % for a large number of preparations (Table 4.1). We 
found that this fraction was independent of the initial molar ratio (f) of ШіСц to MHACl for the 
range studied (f = 0.01 - 0.10). The incorporation efficiency was found to be very sensitive to the 
presence of oxygen during polymerization. Solutions that were not carefully degassed before 
polymerization showed much lower incorporation efficiencies. 
Complete mixing of the rhodium surfactant RhN with the polymerizable surfactant MHACl was 
achieved by first preparing a mixed film of the two surfactants. To this end a dichloromethane 
solution that contained both compounds in the appropriate amounts was evaporated. The 
resulting mixed film was dispersed in water by ultrasonic irradiation and the obtained bilayers 
were polymerized as described above. GPC of both the unpolymerized and polymerized 
dispersions gave very similar elution patterns as the dispersions of cop-10-RhC6 or cop-10-RhC6 
(for abbreviations sec Table 4.1). This indicates that RhN, in contrast to the latter rhodium 
complexes, can easily be incorporated in both unpolymerized and polymerized bilayers of 
MHACl. 
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a) Polymerization was carried out as described in the Experimental section. 
b) Molar ratio of the rhodium complex in the starting mixture: 
f Rh = I Rh-complex ] /[ MHACl ]. с) Molar ratio of the rhodium complex in the 
polymerized bilayers. Рщ, = ƒ Rh-complex ]/ [ MHACl ]. The concentration of the 
rhodium complex in the sample was determined by UV-vis spectroscopy. 
d) % Inc. = fRh/pRh- e) The number in the name isfgf, χ 100. 
Previously we have shown that incorporation of the metal-free, zinc or copper derivatives of 
THPP into bilayers of DODAC can lead to aggregation of the porphyrin.5·18 Incorporation of 
MnTHPP into bilayers of MHACl could be achieved by injecting an ethanol/THF solution of the 
porphyrin and the surfactant into water, or by sonicating a mixed film of the porphyrin and the 
surfactant in water. UV-vis spectra showed that the B-band of MnTHPP in dispersions of MHACl 
prepared by the former method had not shifted compared to the B-band in dichloromethane 
solutions (λ,,,^ = 479 nm) if the surfactant to porphyrin molar ratio was higher than 500/1. 
Decreasing this molar ration caused a gradual shift of the B-band to a value of 484 nm at a molar 
ratio of 100/1. In vesicular solutions prepared by the sonication method the B-band had shifted to 
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485 ran. The shift of the B-band points to aggregation of the porphyrin.5 Apparently, MnTHPP 
does not aggregate in bilayers of MHAC1 up to high concentrations of porphyrin provided the 
bilayers are prepared by the ethanol injection method. Anchoring of the rhodium complexes to 
these MnTHPP containing bilayers could be achieved by copolymerizing the bilayers with ШіСц 
or by addition of RhN to the ethanolic solutions before injection into water. The other substrates 
of Chart 4.2 are water-soluble and were added as aqueous solutions (see Experimental section) 
4.2.3 Electrochemistry 
Cyclic voltammograms (CV) of RhC6, RhCn and RhN in dichloromethane showed clear 
reduction and oxidation waves. The i^ / i
cat values of all three complexes are approximately 1, 
indicating that the redox reaction is chemically reversible (Table 4.2). The redox potentials of the 
complexes in dichloromethane are also given in Table 4.2. Since the redox-active part of the three 
rhodium complexes has the same structure it is not surprising that these potentials are nearly the 
same. Similar results have been reported before for the reduction of Rh(III) to Rh(I) in 
RhCp*(2,2'-bipy)Cl2 and derivatives thereof.15 The large separation between the reduction and 
oxidation peak is most likely due to two not completely resolved one electron waves.19 The 
redox-potential of RhCn was also measured in an aqueous solution of pH 6.9. The E ^ value was 
found to be 132 mV more positive than in dichloromethane. 
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a) The potentials are given relative to SSCE. The estimated error is 5%. Г=20ОС. 
b) A 1 mM solution of the rhodium complex in CH2CI2 was used, which contained 0.1 M 
Ν,Ν,Ν,Ν-tetrabutylammonium hexafluorophosphate as the electrolyte. 
c) An aqueous buffer of 0.05 M N-ethylmorpholine /HCl and 0.05 M NaCl was used. 
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Cyclic voltammograms of our rhodium complexes incorporated in polymerized bilayers of 
MHAC1 showed clear reduction and oxidation waves (Figure 4.2). At neutral pH the reduction 
was reversible. The deviations of the i^ / ica( ratio from 1 (Table 4.2) are due to adsorption of the 
redox-active species on the electrode, making the reduction and oxidation waves non-symmetric. 
The peak currents varied linearly with the scan rate (v) up to 100 mV.s1 (Figure 4.3). Such a 
behavior is characteristic for thin films that are adsorbed on electrodes, displaying no electron 
exchange with non-adsorbed species.20 When the vesicle solution in the electrochemical cell was 
changed for a buffer solution the reduction and oxidation waves were still observed. Apparently, 
the polymerized bilayers became strongly adsorbed on the electrode during the measurements. 
Figure 4.2 Cyclic voltammograms of aqueous dispersions of cop-10-RhN (A), 




Ο 5β 100 
Scan rate / т л"' —•• 
Figure 4.3 Cathodic peak currents as a function of the scan rate for cop-10-
RhNC·), cop-10-RhC,, (*), andcop-10-RhC6(a). 
Spontaneous аазофііоп has been reported before in the literature, viz. for dioctadecyldimethyl 
ammonium acetate vesicles onto mica substrates.21 It has been shown that the typical bilayer 
structure and characteristics are retained during this adsorption process.22·23 
The total charge Q calculated from the reduction and oxidation waves in the CV can be used to 
estimated the surface concentration (Г0) of the rhodium complexes adsorbed to the electrode, 
using equation 1 (A is the surface of the electrode). 
ς> = η.ΕΑ.Γο (1) 
Q was found to be 22xl0-6 C, SJxlO"6 C, and 2.3xl0-6 С for cop-10-RhC6, сор-Ю-ЯЬСц and 
cop-10-RhN, respectively. Accurate determination of Q was troubled by the fact that large 
charging currents occurred. We estimate the error in Q to be approximately 30 %. The Q values 
correspond to electrode-areas per rhodium-complex molecule (1/ Г0) of 29 Â2,76 Л2, and 
280 À2 for the three catalysts, respectively (A = 0.78 cm2). The concentration of the rhodium 
complex in the polymerized bilayers was approximately 10 mol%. Based on this percentage one 
would expect to find an electrode-area per rhodium complex of 600 Л2 when a single is bilayer is 
adsorbed on the electrode.24·25 Apparently, in our experiments we are dealing with several 
bilayers adsorbed on the electrode surface. The polymerized ammonium surfactant is present in a 
large excess over the rhodium complexes. We may therefore assume that the layer thickness on 
the electrode is independent of the type of rhodium complex present The different surface areas 
found for the three complexes might therefore reflect the different abilities of the rhodium 
complexes to transport electrons across the bilayers. As the rhodium complexes are covalently 
anchored to these bilayers, reduction of rhodium in the outer layers most likely occurs via electron 
hopping from reduced to non-reduced molecules. 
Table 4.2 shows that upon incorporation into bilayers the reduction potentials of the three 
rhodium complexes become different. Compared to the reduction potential of RhCn in aqueous 
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solutions at pH 6.9 the potentials of cop-10-RhC6 and сор-ІО-ЮіСц have shifted to more 
negative values whereas that of cop-10-RhN has shifted to a more positive value (Table 4.2). 
Apparently, the position of the Rh(III) / Rh(I) equilibrium depends on the location of the rhodium 
complex in the bilayer.26 
For cop-10-RhCn at pH 4.2 only one reduction wave was observed (Figure 4.2). We ascribe this 
behavior to protonation of the Rh(I) species that is formed after reduction: Rh(I) + H+ — • 
Rh(in)-H+. The latter species cannot be reversibly oxidized and reduced anymore.34 
4.2.4 Kinetics 
Before carrying out the catalytic reduction experiments it was verified that in the absence of 
formate or catalyst the substrates were not reduced. Initial experiments revealed that the presence 
of dioxygen at atmospheric pressure decreased the rate of reduction of the nicotinamides 
approximately threefold and completely inhibited the reduction of Fl and MnTSPP. The reduced 








































































a) For reaction conditions see Experimental section. Since the concentrations of the 
rhodium complexes vary per preparation of the catalyst the final concentrations of the 
rhodium complex in the reaction mixtures are given in notes e-l. I MHACl ] = 5x1 (t4 M; 
Τ = 37.50C. b) The catalyst containing bromide ions was prepared from cop-lO-RhCu by 
ion exchange chromatography ( see Experimental section ). c) Total formate 
concentration, including formate of the buffer, d) TO is turnover frequency ( mol product 
per mol rhodium complex per s ). The estimated error is 5 %. 
e) [Substrate ] = 2.5x10^M; [RhCj,] = 5.5xlfr5 M. f) [Substrate ] = бАхШ5 M; 
[RhCiiJ = 5.5xlO-5 M.g) [Substrate J = ó.lxJQ-5M; [RhCn] = 4.ІХІО-5 M. 
h) [Substrate ] = 3. JSxlfr5 M; [RhC
n
]= 4.ІХІ0-5 M. i) [Substrate ] = 3.TSxlfr5 M; 
[RhCll] = 3.5xlO-6M.k) [Substrate]= бАхШ5M; [RhC6] = 6.75xl0-5 M. 
I) [Substrate] = бАхШ5 M; [RhN ] = 4.3xl0r5 M. 
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forms of the latter substrates are known to be oxidized very fast by molecular oxygen,27·28 
whereas reduced nicotinamides and derivatives are stable in the presence of oxygen.29 All 
subsequent measurements were therefore earned out with carefully degassed solutions. The 
results are presented in Table 4.3. 
Reduction of nicotinamides 
The reduction of C^NA* and C16NA
+
 by formate in an aqueous N-ethylmorpholine/formic acid 
buffer at pH 6.9 was efficiently catalyzed by cop-10-RhCn (Table 4.3, entries 3 and 4). We 
observed in for these substrates a short induction period (- first 2 % of conversion). After this 
induction period the reaction rate was independent of the substrate concentration up to 
approximately 70 % and 50 % conversion for CJ2NA+ and C16NA
+
, respectively. At higher 
conversions precipitation of the product occurred, which obscured further observations. The 
turnover numbers were approximately the same for both substrates. CgNA+ can also be reduced 
by cop-10-RhCu but the rate of reduction is approximately half the rate observed for Ο^ΝΑ"·" 
and C16NA
+
 (Table 4.3 , entry 2). NA+,30 which has no additional hydrophobic substituent, was 
only converted very slowly (Table 4.3, entry 1). These results suggest that the reduction reaction 
takes place on the surface of the bilayers. The presence of a large hydrophobic substituent on the 
positively charged nicotinamides is necessary for binding as it compensates for the electrostatic 
repulsion that exists between the substrate and the bilayer surface. We did not further investigate 





















104 [Rhodium] / M"1 
Figure 4.4 Catalytic activity ofbilayer-anchored RhC,, in the reduction of Fl 
as a function of the rhodium concentration at constant MHACl concentration. Inset: 
Turnover numbers for the reduction of Fl by the same series of catalysts as a 
function of the RhC,, to MHACl molar ratio. [МНАСІ]=5хіа4М, T=37.50C. 
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Reduction of Fl 
The flavin Fl, which does not bear a charge, was effectively reduced by cop-10-RhCn (Table 4.3, 
entry 5). An induction period was not observed and the reaction was zero-order in substrate up to 
90 % conversion. When chloride was the counterion in stead of bromide the rate of reduction 
increased approximately threefold (Table 4.3, entry 6). Furthermore, the rate of reduction of the 
flavin was found to be independent of the pH in the range 4.4 to 7. 
We found for the reduction of Fl by a series of cop-n-RhC] ] catalysts (n = 1 -10) a linear relation 
between the reaction rate and the concentration of RhCu at a constant surfactant concentration 
(Figure 4.4). The turnover numbers of these catalysts amounted to 0.013 sl (Figure 4.4 inset). 
Table 4.3 shows that on incorporation into polymerized bilayers of MHAC1 the catalytic activities 
of the three rhodium complexes become different. We found that cop-10-RhC6 was a less efficient 
catalyst than cop-10-RhCn whereas cop-10-RhN was a more efficient catalyst for the reduction 
of Fl (Table 4.3, entries 6,9,10). For cop-10-RhC6 and cop- 10-RhN the reduction of Fl was also 
independent of the substrate concentration, suggesting that reduction of the rhodium complex by 









Figure 4.5 Arrhenius plots for the reduction of Fl catalyzed by сор-І-ИНСц 
( à. ) , cop-lO-RhCjj ( a ) , and cop-10RhC6 ( • J. 
The activation energies for the reduction of Fl by cop-10-RhCu and cop-1-RhCn were calculated 
from the slopes of the Arrhenius plots (Figure 4.5) and were found to be 109 ± 8 kJ/mol and 
104 ± 3 kJ/mol, respectively. These values are somewhat larger than the activation energy of 88 
kJ/mol reported for the reduction of NAD+ catalyzed by RhCp*(2,2,-bipy)Cl2.10 The activation 




Reduction of manganese porphyrins 
Both the nicotinamides and the flavin are 2-electron substrates which are very likely to be reduced 
by a rhodium hydride species in a reaction that has an one to one stoichiometry {vide infra). The 
rhodium catalyzed reduction reaction appeared not to be limited to these two-electron substrates. 
The one-electron substrate Mn(III)TSPP was also very efficiently reduced, viz. to a 
manganese(II)porphyrin, again in a zero-order reaction. We found for the reduction of MnTSPP 
almost identical turnover numbers when cop-10-RhCn or cop-1-RhCn were used as the catalysts 
(Table 4.3, entries 7 and 8). The activation energies were also rather similar, viz, 86 ± 4 kJ/mol 
and 92 ± 6 kJ/mol, respectively. Apparently, the catalytic activity of RhC^ in the reduction of 
MnTSPP is independent of the surfactant to КЬСц ratio within the range studied. 
Addition of a formate solution to polymerized MHAC1 solutions containing 0.2 mol% 
Mn(III)THPP and varying concentrations of RhN or RhQ χ led to a fast one electron reduction of 
the porphyrin. In the presence of approximately 1 mol % of RhN or RhCn the formation of 
Mn(II)THPP showed first order kinetics. The pseudo-first order rate constants amounted to 
0.016 s-1 and 0.0022 s_1, respectively. We found that in case of RhN the initial rates were 
independent of the rhodium concentration in the investigated range of 0.3 to 1.0 mol% of RhN in 
MHAC1. For RhCn ^ е r a t e s increased with increasing concentration of the rhodium complex in 
the same concentration range. 
[HCOO'] / M"1 • 
Figure 4.6 Turnover frequencies for the reduction of Fl as a function of the 
formate concentration for cop-10-RhN( • ), cop-10RhCll ( о ), and cop-10-RhC6 
(a ), with chloride as the counterion of the polymerized bilayers, and for cop-10-
RhCll with bromide as the counterion( • ); T=37.50C. 
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Formate concentration dependence 
The dependence of the rate of reduction of Fl on the formate concentration is shown in 
Figure 4.6. At low concentrations the rate is proportional to the formate concentration. At higher 
concentrations ([HCOO ] > 0.1 M) the rates level off. These observations are in line with the 
mechanism proposed by Steckhan et al.,10 for the reduction of NAD+ by formate catalyzed by 
RhCp*(2,2'-bipy)Cl2. According to these authors the rate determining step of the reduction 
reaction is the decomposition of a Rh(m)-formate complex that is formed in a equilibrium 
preceding the rate determining step: Rh(ni)2+ + HCOO" «=*• [ Rh(III)-HCOO ] + — • 
product. In our case the situation is complicated by the fact that the concentrations of the 
reactants in the proximity of the bilayer surface will differ from the concentrations in bulk 
solution. It is, however, reasonable to assume that no specific adsorption of formate on the 
positively charged bilayer will take place.31·35 In that case it is sufficient to consider only the 
coordination of formate anions to the rhodium complex. If excess formate is present, the 
concentration of the rhodium-formate complex is related to the total concentration of rhodium 
complex ([RhCnD^2*]) by equation 2. In this equation [HCOO"]
x
 is the concentration of the 
formate anion at the site on the bilayer interface where the rhodium complex is located and Kb is 
the binding constant for coordination of formate to the rhodium complex. The Boltzmann 
equation 3 relates [HCOO]X to the bulk concentration of formate ([HCOOJJ.3 2 In this equation 
ψ(χ) is the surface potential of the bilayer at the site of the rhodium complex. 
lRhcii.)(HC00)+] = Кь [HCOO-!, [*Κ"θ£ΐ
 ( 2 ) 
1 + Kb [HCOO"]x 
/F\|/(«)\ 
[HCOO"]x = [HCOO"]e e-eV RT ' (3) 
Combination of eqn. 2 and 3 eliminates [HCOO"]
x
. We assume that the rate of reduction is 
proportional to the concentration of Rh(ni)(HCOO)+ with rate constant k. The relation between 
the formate concentration in the aqueous bulk phase and the rate of reduction is then given by 
equation 4, in which the latter rate is expressed as the turnover frequency (TO). 
k-[HCOO-L „, „ . , y-^f) 
with К = Kh -e R T 
K' + [HCOO']« 
TO = — !=_





The experimental curves in Figure 4.6 can be fitted very well to this equation. The resulting values 
for к and (K') 1 are given in Table 4.4. As can be seen from this Table, the values of (K') 1 for the 
various rhodium complexes are not significantly different As the surface potentials probably will 
not differ very much, the Kb values will also have similar values. The main cause for the 
differences in the catalytic activity of the three catalysts lies in the differences in the 
rate constants k. 
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Table 4.4 Experimentally determined values of the constants in eqn. 4, and experimentally 
































 and к are defined by eqn. 4. The measurements were carried out as described in the 
Experimental section. Since the concentrations of the rhodium complexes vary per 
preparation of the catalyst their concentrations in the reaction mixtures are given in notes 
b-d. I MHACl ] = 5xlO-4 M; T=37.50C. b) [RhC6] = 6.75xl0-5 M. c) [RhCjj] = S.OxlO-5 
M. d) [RhCllJ = 4.75ХІ0-5 M. e) [RhN] = 4.3xl0-5 M. 
When bromide ions are present as the counter ions of the polymerized bilayers, the rate of 
reduction is decreased by a factor of - 3 (Table 4.3, entries 5 and 6). Table 4.4 reveals that this is 
the result of a seven-fold reduction of the apparent association constant (K') 1 . The rate constant 
к is also decreased, but only by a factor of 1.6. It is known that the surface potential of 
quaternary ammonium bilayers is strongly decreased by bromide counter ions, even when these 
ions are present in small quantities.33 
4.2.5 Formation of Rh(l) species 
In the absence of substrate addition of formate to aqueous dispersions of сор-Ю-КЬСц (pH 6.9) 
caused a color change from yellow to violet. The UV-vis absorption spectrum showed the 
development of a broad band at 520 nm (Figure 4.7). We ascribe this band to a Rh(I) complex.34 
It has been shown by Ш-птг spectroscopy that reduction of Rh(in) by formate initially gives a 
Rhodium(in)-hydride, most likely via a hydride transfer from the formate anion to the Rh(ni) 
metal center.19 Apparently, under the conditions of our experiments this initially formed Rh(III)-
hydride decomposes into a Rh(I) complex (Rh(ni)H+ « = ^ Rh(l) + H+ , vide infra). Reduction 
of Rh(m) at pH = 4.4 did not result in formation of a band at 520 nm (Figure 4.7). This indicates 
that at this pH the Rh(III)-hydride is stable. 
The pKa of the Rh(in)-H complex can be determined by measuring the [Rh(I)] / [Rh],,,, ratio as a 
function of the pH. The results for the various catalysts are presented in Figure 4.8. The 





obs) are given in Table 4.4. It is clear that incorporation of the rhodium 
complexes in the bilayers has a large effect on ρΚ,,005. Compared to the pK
a
 value found for RhC6 
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Figure 4.7 UV-vL· absorption spectra ofcop-10-RhC
n
 in water (—), ofcop-
10-RhCj, informate buffer atpH 6.9 (---), and of cop-10-RhC
n
 informate buffer at 
pH4.4(--- ). [RhC,,] = 5.9xl05M; [HCOaj = 0.147M; T=37.50C. 
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Figure 4.8 Fraction ofRh(I) obtained after reduction with formate as a 
function of the pH for cop-10-RhNiO), cop-10-RhC
u




in aqueous solution without surfactant, the pK
a
obs
 values of the membrane bound rhodium 
complexes have decreased by 1 to 2.4 pH units. The relatively high acidity of the membrane 
bound rhodium species is due to the surface potential of the positively charged bilayer. The 
p K j 8 is related to the intrinsic or interfacial pK3l by equation 5.35 
ρκ
008
 = pK¡ - -La™. (5) 
K
 a ^ а 2.303 Я Г 
This intrinsic pKa1 is the pK
a
 in the absence of any surface potential. Its value depends on the 
relative stabilities of the species involved in the equilibrium at the site of residence of the rhodium 
complex.36 
The extinction coefficients of the absorption band at 520 nm of the Rh(I) form of the three 
catalysts were very similar and amounted to (8600 ± 400) МЛспг1. This value is in good 
agreement with the extinction coefficient of the Rh(I) species formed by RhC6 in homogeneous 
aqueous solution. This indicates that the bilayer-anchored rhodium complexes were completely 
reduced to the Rh(I) species by formate. Furthermore, we found that for сор-Ю-ЮіСц the 
formation of the band at 520 nm took place in a first order reaction at 37.50C and pH 6.9. The 
first order reaction constant amounted to (0.013 ± 0.001) s 1 at a formate concentration 
of0.147M. 
4.3 Discussion 
Catalysis in micellar or bilayer systems can be described by a so-called pseudo-phase model. In 
this model reactions take place in the polar aqueous phase and in the apolar micellar or membrane 
phase.37·38 The GPC and ultrafiltration experiments reported in the Results section show that the 
rhodium complexes RhC6, R h ^ and RhN are strongly bound to the MHAC1 membrane pseudo-
phase. We also observed that in the absence of the bilayer-anchored rhodium catalyst no reduction 
of the substrates occurred. These combined data indicate that for the discussion below we only 
have to consider reductions occurring in the membrane pseudo-phase. We found that the rate of 
reduction of the nicotinamides strongly depends on the hydrophobicity of the substrate: the 
turnover numbers increase in the series NA+ < C8NA+ < C^NA"1", Ci6NA
+
. The very slow 
reduction of NA+ is most likely the result of an unfavorable partition of this compound over the 
aqueous phase and the membrane phase. Increasing the hydrophobicity of the substrate causes the 
partition equilibrium to shift towards the membrane phase with a faster reduction reaction as a 
result In the case of Fl and MnTSPP the rate of reduction was independent of the substrate 
concentration up to high conversions. This indicates either that the membrane phase is saturated 
with substrate or that the substrate is strongly bound to the membrane phase. The fact that the 
reduction rates of Fl and MnTSPP are comparable to or larger than the reduction rates of the 
most hydrophobic nicotinamides C^NA* and CI6NA
+
 is in favor of the latter possibility. In the 
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following discussion we will therefore ignore the effects of substrate partitioning between the 
aqueous and the membrane pseudo-phase for these two substrates. 
Our polymerized catalysts form spherically closed vesicles in water. We did not get any indication 
that the reactivity of ihe rhodium complexes anchored to the outer bilayer-half is different from 
that of the rhodium complexes anchored to the inner bilayer-half.. We observed that reduction 
with formate gave a complete conversion of the Rh(III) complexes to their Rh(I) redox state in a 
first order reaction. An explanation for this observation may be that the rhodium complexes are 
able to transport electrons across the vesicle bilayers. This explanation is supported by the 
electrochemical measurements and by the fact that MnTHPP, which is located in the hydrophobic 
part of the bilayer,5 is also reduced by the vesicle anchored rhodium complexes. Another reason 
for the above mentioned observations could be that the vesicles were leak under the conditions of 
our experiments. 
We observed for our rhodium complexes anchored to the polymerized bilayers that the rate of 
reduction of Fl is first order in rhodium concentration and zero order in substrate concentration. 
Furthermore, the rate depended in a Michaelis-Menten type of fashion on the formate 
concentration (Figure 4.6). These observations are in line with the mechanism proposed by 
Steckhan et al. for the RhCp*(2,2'-bipy)Cl2 catalyzed reduction of NAD+ by formate.10 These 
authors assume a pre-equilibrium in which forniate coordinates to the rhodium complex. In a 
Figure 4.9 An impression of the arrangement of the rhodium complexes in one 
half of a polymerized bilayer ofMHACl vesicles. 
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subsequent step, which is probably the rate determining step, the Rh(III)-formate complex 
decomposes into a Rh(ni)-hydride and carbon dioxide. In the last step a very fast reduction of the 
substrate takes place. Since the structures of our rhodium complexes are the same, except for the 
substituent on the bipyridine ligand, thç different reactivities found for the bilayer-anchored 
rhodium catalysts must be explained from the fact that the catalysts are located at different 
positions with respect to the bilayer surface (Figure 4.9). These different locations have a strong 
effect on the electrochemical properties of the complexes. Equations 6 and 7 describe the 
electrochemical reduction and oxidation processes of the rhodium complexes in water and at the 
interface of the polymerized bilayers, respectively. These processes are characterized by the 
reduction potentials Ещ" 4 and Ey^. The differences of these reduction potentials, 
Δ Ε ^ = Ej/21 - Ej^" 4 reflect the effect of the microenvironment on the equilibria.27 These ΔΕ1/2 
values can be calculated from the data in Table 4.2 and are presented in Table 4.5. The differences 
in the free energy AG (eqn. 8) can be derived from AE]^ and are also tabulated in Table 4.5. 
[Rh(lll)Xn]yn ) +
 ( ~ ^ ~
>





- > [Rhfl)]^ + X^q (7) 
- 2 β 
Δα = {μ(Πή(Ι))
ίη1 -ц(ВМ(ІІІ)Хп)|п2,+п)+}-{д(РЬ(І))ас, -μ(Πή(ΙΙΙ)Χη)(32ς+η)+} (8) 
As can be seen in this table the reduction of cop-10-RhN occurs more easily than the reduction of 
RhN in the bulk aqueous phase (ΔΕ^ > О).39 This can be understood since the former catalyst is 
located at the aqueous interface of the bilayer. The dielectric constant of the interface is lower 
than the dielectric constant of the bulk aqueous phase.33·37 In a medium with a lower dielectric 
constant equilibrium 7 will shift in the direction of the uncharged Rh(I) complex. Remarkably, in 
the case of cop-10-RhC6 and to a lesser extent of cop-10-RhCn reduction of the rhodium center 
becomes more difficult (ΔΕ^ < 0). This indicates that upon incorporation into the polymerized 
bilayer the Rh(III) species becomes stabilized relative to the Rh(I) species. This could point to a 
specific medium effect The hydration spheres of the rhodium centers in cop-10-RhC6 and 






а/ AG/kJ.mol1 ΔρΚ 
-0.042 8.1 1.44 
-0.012 2.3 0.41 











α) ΔΕ1/2 - Έ-ι/ι - Ем"4· The aqueous reduction potentials ofRhCg and RhN are assumed 





ч = -0.598 V(Table 4.2). 
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cop- 10-RhC! ! may interact differently with the hydration spheres of the quaternary ammonium 
headgroups than the hydration sphere of the rhodium center in cop-10-RhN. It is also possible 
that the charged rhodium complexes in cop-10-RhC6 and cop-10-RhCn are not located at the 
aqueous interface but in the hydrophobic interior of the membrane. Here a specific medium effect 
could result through interaction of the rhodium centers with the ester groups of the polymer 
backbone. 
The rhodium(in)-hydride formed after reduction by formate is in equilibrium with a rhodiums-
complex. The corresponding equations for the aqueous phase and the membrane phase arc given 
by eqn. 9 and 10, respectively. 
pK"4 
[Rh(lll)H]*q - y * - » [Rh(l)]aq + H*q (9) 
pK1 [Rh(lll)Hrnt - p 8 - » [Rh(l)]int + H*q (10) 
AGa = {μ(ΡΜ(Ι)).η1-μ(ΒΚΐΙΙ)Ης}-{μ(ΡΚΐ))3ς-μ(Βή(ΙΙΙ)Η);ς} OD 
For the difference between the intrinsic or interfacial pKg1 and the pK
a











/ 2.303RT. Using AG from the electrochemical measurements 
(at 293 K) as an approximation for AG
a
 (at 310 K) we can calculate the surface pK
a
 and from this 
with eqn. 5 and pK,^ from Table 4.4 the surface potentials ψ
χ
 for our rhodium complexes 
incorporated into the polymerized bilayers. The result is presented in Table 4.5. Considering the 
assumptions made, the calculated surface potentials agree very well with values reported in the 
literature for dioctadecyldimethylammonium bilayers.25 The result should nevertheless be 
interpreted with caution, especially with regard to whether the differences in the surface potentials 
between the three complexes are significant. Assuming an average surface potential of 0.16 V one 
can calculate using the Gouy equation33 that the average surface charge density on our 
polymerized bilayers is 1 positive charge per 195 Λ2. This value is considerably lower than the 
value of 1 charge per 60 Â2, which one would expect to find if the charge on each surfactant 
molecule is not compensated. Apparently, the positive charge is partly compensated for by 
binding of anions. It is known that formate anions behave like fluoride or acetate anions. These 
ions do not bind to the surface of quaternary ammonium bilayers.25·34 The charge compensation 
therefore is most likely the result of binding of chloride ions, despite the fact that these ions are 
present in low concentrations. 
The overall binding constant for formate (K*)-1 is related to the binding constants Kb via the 
Boltzmann equation (see eqn. 4). Using averaged values of 21 M_1 (Table 4.4) and 0.16 V (Table 
4.5) for (K')_1 and ψ
χ
, respectively, we obtain an average binding constant Kb for the three 
rhodium complexes of 0.053 M"1. This value is much smaller than the value of 7.1 M-1, reported 
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for the binding constant of formate to Юі(ІП)Ср*(2,2'-Ьіру)СІ2.10 The latter constant was 
however measured at very low chloride ion concentrations (5.10"5 M) in aqueous solutions 
without any other ligand or surfactant present. These conditions will strongly favor coordination 
of a water molecule to the rhodium complex. We attribute our lower binding constant to a 
competition between formate ions and chloride ions. Water molecules will probably play no role. 
In the presence of bromide ions the overall binding constant is even lower. It is clear that this 
decrease will be the result of both a further lowering of the surface potential by binding of 
bromide ions to the bilayers and a stronger binding of the bromide ion to the rhodium complex. 
Although the presence of small concentrations of chloride ions has a strong effect on the binding 
of the formate ions, this feature does not alter the maximum rates of reduction. The maximum 
turnover number expressed by к in eqn. (4) is dependent on the rate of decomposition of the 
rhodium formate complex into a rhodium(ni)-hydride complex. Apparently, the main cause for 
the observed different reactivities of the polymer-anchored rhodium complexes is the effect of the 
microenvironment on the stabilities of the rhodium formate complexes and on the relative energies 
of the transition states of the reduction reaction. This also follows from the observed different 
activation energies for the reductions catalyzed by cop-10-RhC6 and by сор-Ю-КЬСц. Probably 
similar effects of the microenvironment on the relative stabilities of these species play a role as 




 c—*-» [Rh(lll)HCOO]+ (12) 
k-i 
[Rh(lll)HCOO]+ -^2-> [Rh(lll)H]+ + C0 2 (1 3) 
кз . 
[Rh(lll)H]+
 ( ' [Rh(l)] + H+ U*) 
к.э 
[Rh(lll)H]+ + Fl —¡Sí-» [Rh(lll)]2+ + Fl-H" (15) 
[Rh(l)] + Fl —*5-> [Rh(lll)]2+ + Fl2" (16) 
Fl2" + H+ > Fl-H" (17) 
F l - H - + H+ > Fl-H2 (18) 
Finally, we would like to return to the mechanism of the reduction reaction. The important 
equations for the reduction of FI are eqns. 12 to 18 of Scheme 4.2. The second order rate 
constants for protonation of various Rh(I)Cp*(2,2'-bipy) complexes (k.3 in eqn. 14) have been 
reported in the literature.35 They range from 107 to 109 M ' s 1 . The рК
а
1
 of сор-Ю-ШіСц 
amounts to 8.0 (Table 4.4), which corresponds to an equilibrium constant of 10"8 M. From these 
data it can be calculated that кз in eqn. ranges from 0.10 to 10 s-1. The rate constant к in eqn. 4 is 
equal to кг in eqn. 13. Since this constant (see Table 4.4) is smaller than кз we may conclude that 
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the formation of the Rh(I) complex becomes an important process above the pKa of the 
rhodium(in)hydride. Which of these species will be dominant in the reduction of Fl will not only 
depend on the pH, but also on the values of the rate constants k4 and k5 in cqns. 15 and 16, 
respectively. Since we observed that the rate of reduction of Fl is independent of the pH in the 
range pH 4.2 - 7, we may conclude that in this pH range protonation of reduced Fl (eqn. 17 and 
18) will not be rate limiting. 
The equations in Scheme 4.2 can be used to calculate the concentration of each of the reactanis as 
a function of time (Figure 4.10). These calculations predict that the flavin concentration will 
decrease linearly with time if the second order rate constant k4 or k5 is equal to or larger than 
103 M-i.s1. A good agreement with the experimental rate of reduction of Fl was obtained for 
k5(k4)=104M-1.s-1. 
The results presented in the Results section show that our bilayer anchored rhodium complexes 
are also efficient catalysts for the reduction of manganese porphyrins. This holds for porphyrin 
molecules present at the aqueous interface (MnTSPP) and for porphyrin molecules located in the 
hydrophobic interior of the bilayer (MnTHPP). From the zero order dependence of the rate on the 
MnTSPP concentration it can be concluded that the reduction of the manganese porphyrin is 
much faster than the formation of the rhodium hydride complex. This result is promising as we 




Figure 4.10 Concentrations of the various species during the reduction of Fl 
catalyzed by cop-10-RhCj]. Experimental determined concentration ofFl(u), and 
calculated concentration of Fl (— ), Rh(Ill) ( ) , Rh(III)H ( ' - - - ), and Rh(I) 
( ), according to equations 13-16 of Scheme 4.2; Jt2= 0.0018 s'1; k¡= 1 s'1; 
k_3x[H+J= 0.1 s'1; k^k^lO^M's'1. Time interval between the calculated 
concentrations was 0.05 sec. 
69 
Chapter 4 
[Mn(lll)]+ + [Rh(l)] >[Mn(ll)] + [Rh(ll)]+ (19) 
2 [Rh(ll)r > [Rh(l)] + [Rh(lll)]2+ (2°) 
[Mn(lll)]+ + [Rh(ll)]+ > [Mn(ll)] + [Rh(lll)]2+ (21) 
The reduction of Mn(ni)porphyrin to Mn(II)porphyrin is a one-electron reduction, and may lead 
to the formation of a Rh(II) species (eqn. 19). These Rh(II) species are known to disproportionate 
very fast to give a Rh(I) and a Rh(III) complex (eqn. 20). Second order rate constant of this 
reaction have been reported to be as large as 109 M^.s-1.35 Another possibility is that the Rh(II) 
species reacts with a second manganese porphyrin (eqn. 21). In view of a possible application of 
our rhodium complexes in a Cytochrome P450 mimic the latter reactions should be surpressed 
since efficient activation of dioxygen by Mn(III)porphyrin requires a fast but limited supply of 
only two electrons (one for the reduction of Mn(III) to Mn(II) and one for the reaction: Mn(II) + 
O2 + 2H+ — • Mnv=0 + H2O).6 The use of polymerized bilayer systems with covalently 




'H NMR spectra were recorded on a Bruker WH 90 instrument (90 MHz). Chemical shifts are 
given in ppm downfield from telramethylsilane. Abbreviations used are s = singlet, d = doublet, t 
= triplet, m = multiplet, b = broad. Transmission electron microscopy was carried out with an 
Philips EM 201 instrument. A Branson 2200 sonication bath was used for the preparation of the 
vesicles by the sonication method. Infrared and UV-vis spectra were recorded on Perkin Elmer 
298 and Perkin Elmer Lambda 5 spectrophotometers, respectively. The cuvettes for UV-vis 
measurements were thermostatted with an accuracy of 0.10C. Electrochemical measurements 
were made using a PAR model 173 potentiostat equipped with a PAR model 1761/E converter, 
coupled to a PAR model 175 universal programmer. 
Materials 
Technical grade solvents were used, unless otherwise indicated. DMF and THF were distilled 
before use. Column chromatography and TLC were performed on silica (Merck, silica gel 60H 
and precoated F-254 plates, respectively). For the preparation of the vesicles Uvasol grade 
solvents (Merck) and de-ionized and triple distilled water were used. The compounds (2-
pyridyl)carbonylmethylpyridinium iodide,40 5,10,15,20-tetrakis-(4-suIfonatophenyl)-porphyrin 
manganese(ni)41 (MnTSPP), and N-hexadecyl-N-(ll-hydroxyundccyl)-N,N-dimethylammonium 
chloride42 were synthesized according to literature procedures. [RhCp*Cl2]2 was prepared from 
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hexamethyldewarbenzene and rhodium(III)trichloride.43 10-Methylalloxazine (Fl) was a gift from 
the Laboratory of Organic Chemistry, University of Wageningen, The Netherlands. The synthesis 
of 5,10,15,20-tetrakis-(4-hexadecyloxyphenyl)porphyrin is described in Chapter 3 of this thesis. 
N-Hexadecyl-N-(ll-methacryloxyundecyl)-N,N-dimethylammonium chloride (MHACl) 
Pyridine (2 mL) and 2.65 g of freshly destilled methacryloyl chloride (0.0254 mol) was slowly 
added to a solution of 8.48 g of A^hexadecyl-AKll-hydroxyundecyl)-N,N-dimethylammonium 
chloride (0.015 mol) in 40 mL of dichloromethane at 0 0C. The reaction mixture was allowed to 
warm to room temperature. After stirring for 16 h. the solvent was removed at reduced pressure. 
The oily residue was purified by column chromatography (silica, eluent 7 vol% of methanol in 
dichloromethane): 5.38 g of a white waxy product (0.0085 mol, 57 %); ^-nmr (CDCI3) δ: 6.1 
(m, IH, vinyl), 5.5 (m, IH, vinyl), 4.2 (t, 2H, OCH2), 3.5 (br m, ЮН, CH2N and NCH3). 1.9 (s, 
ЗН, СНзС=С), 2.0-1.0 (br m, 46H, CH2), 0.9 (t, 3H, CHj); IR (neat) υ /cm1: 1715 (C=0), 1630 
(C=C). 
5-Methyl-2,2'-bipyridine (1) 
A mixture of 6.5 g (0.02 mol) of (2-pyridyl)carbonylmethylpyridinium iodide, 40 mL of 
formamide and 40 g of ammonium acetate was heated at 60 0C with stirring. After the compounds 
had been dissolved completely, 2.25 mL of methacrolein (0.038 mol) was added. Stirring was 
continued for 4 h. at 60 "C and subsequently for 16 h. at room temperature. The product was 
isolated from the reaction mixture by extraction with diethyl ether (3x100 mL). The diethyl ether 
layers were combined and washed with 100 mL of a 1 wght.% aqueous sodium carbonate 
solution, dried (№2804), and concentrated under vacuum: 3.0 g of a brown oil (0.0187 mol, 
93%); single spot on TLC, Rf = 0.4 (silica, eluent 5 vol.% methanol in chloroform); 'H-nmr 
(CDCI3) δ: 8.62 (d, IH, б'-РуН), 8.48 (s, IH, 6-PyH), 8.30 (m, 2Н, 3-РуН and З'-РуН), 7.78 
(t, IH, 4'-РуН), 7.61 (d, IH, 4-PyH), 7.26 (t, IH, S'-PyH), 2.37 (s, ЗН, CH3); 
2,2'-Bipyridine-5-carboxylic acid (2) 
A solution of 3.0 g (0.0187 mol) of 5-methyl-2,2,-bipyridine and 10 g of potassium permanganate 
in 125 mL of water was boiled until the purple color had disappeared. The progress of the 
reaction was followed by taking from time to time an aliquot (0.5 mL) of the solution, extracting 
it with diethyl ether (1 mL), and analyzing it by TLC. If necessary, 2.5 g of potassium 
permanganate was carefully added to the reaction mixture and boiling was continued. After all 5-
methyl-2,2'-bipyridine had reacted the reaction mixture was cooled to room temperature and 
filtered. The filtrate was acidified to pH = 1 by adding concentrated HCl and subsequently 
concentrated under vacuum to approximately 30 mL. The product that precipitated was collected 
on a glass filter. After standing for two days in a refrigerator a second portion had crystallized out 
which was collected on a glass filter. The fractions were combined and dried under vacuum: 2.1 g 
(0.011 mol, 59 %) of a white crystalline powder; 'H-nmr (DMSO-d6) δ: 9.13 (s, IH, 6-PyH), 
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8.73 (d, IH, 6'-PyH), 8.44 (m, ЗН, 3-РуН, З'-РуН, and 4-РуН), 8.11 (t, IH, 4'-РуН), 7.62 (m, 
IH, 5'-PyH), 5.5 (b, -COOH and HDO); IR (KBr) υ / cm"1: 3050 (b s, OH), 1730 (s, C=0). 
2,2 '-Bipyridine-5-(N-(6-hydroxyhexyl)carboxamide (4) 
2,2'-Bipyridine-5-carboxylic acid (0.5 g, 2.6 mmol) was added to 25 mL of thionyl chloride and 
refluxed for 16 h. The thionyl chloride was removed under vacuum. The yellow colored reaction 
product was dissolved in 5 mL of dichloromethane and added to a solution of 2.0 g (0.017 mol) 
6-aminohexanol in 25 mL of dichloromethane. A few crystals of 4-(JV,N-diinethylamino)pyridine 
were added and the solution was stirred for 20 h. The reaction mixture was concentrated under 
vacuum and purified by column chromatography (silica, eluent 5 vol.% of methanol in 
chloroform): 0.40 g (1.33 mmol, 51 %) of a white powder; 'H-nmriCDClj) δ: 9.04 (s,lH, 6-
PyH), 8.71 (m, IH, б'-РуН), 8.47 (m, 2H, 3-РуН and З'-РуН), 8.19 (m.lH, 4-РуН), 7.84 (m, IH, 
^-РуН), 7.34 (m, IH, S'-PyH), 6.3 (b, IH, NH), 3.57 (m, 4H, NCH2 and OCH2), 1.8-1.2 (b m, 
8H, CH2); IR (neat) υ /cm-1: 3400 (b m, OH), 3290 (m, NH), 1630 (s, C=0), 1540 (s, NH). 
2,2 '-Bipyridine-5-(ïï-(ll-hydroxyundecyl)carboxamide (5) 
This compound was synthesized as described for 2,2'-bipyridinc-5-0V-(6-
hydroxyhexyl)carboxamide, starting from 0.5 g (2.6 mmol) of 2,2,-bipyridine-5-carboxylic acid 
and 2.0 g (0.011 mol) of 11-aminoundecanol: yield 0.51 g (1.38 mmol, 52.5 %) of a white 
powder; ^-nmr (CDClj) δ: 9.03 (s, IH, 6-PyH), 8.71 (d, IH, б'-РуН), 8.50 (m, IH, 3-РуН), 
8.46 (m, IH, З'-РуН), 8.19 (m, IH, 4-РуН), 7.84 (m, IH^-PyH), 7.36 (m, IH, 5'-PyH), 6.23 (t, 
lH,NH),3.5(m,4H,NCH2and0CH2) r 1.8-1.1 (brm, 18H,CH2); 
2,2 '•Bipyridine-5-(^-(6-methacryloxyhexyl)carboxamide (6) 
Methacryloyl chloride (2.0 mL, 0.018 mol) was slowly added to a solution of 0.4 g (1.34 mmol) 
of 2,2'-bipyridine-5-0V-(6-hydroxyhexyl)carboxamidc in 10 mL of chloroform and 5 mL of 
pyridine. After stirring at room temperature for 16 h., 100 mL of chloroform was added. The 
reaction mixture was extracted with aqueous 1N HCl (2x 75 mL) and 75 mL of a saturated 
aqueous sodium carbonate solution, dried (Na2S04), and concentrated under vacuum. The crude 
product was purified by column chromatography (silica, eluent 3 vol.% of methanol in 
dichloromethane): yield 0.315 g (0.86 mmol, 64 %) of a white powder; Ή-ηπίΓ (CDClj) δ: 9.04 
(s, IH, 6-PyH), 8.71 (d, Ш, б'-РуН), 8.50 (m, IH, 3-РуН), 8.46 (m, IH, З'-РуН), 8.20 (m, IH, 
4-РуН), 7.84 (m, IH, 4'-PyH), 7.37 (m, IH, 5'-PyH ), 6.38 (t, IH, NH), 6.11 (, IH, HC=C), 5.56 
(, IH, HC=C), 4.19 (t, 2H, OCH2), 3.51 (m, 2H, NCH2), 1.96 (s, ЗН, СНзС=С), 1.8-1.1 (br m, 
8H, CH2); IR (neat) υ / cm 1 : 3300 (m, NH). 1710 (s, C=0), 1630 (s, C=0), 1540 (m, NH); 
Anal. Caled, for C^H^NjOj: С 68.64, H 6.68, N 11.44; Found С 67.95, H 6.84, N 11.06. 
2,2 '-Bipyridine-5-(N-(ll-methacryloxyundecyl)carboxamide (7) 
This product was synthesized as described for 2>2'-bipyridine-5-(N-(6-methacryloxyhexyl) 
carboxamide, starting from 0.470 g (1.27 mmol) of 2,2'-bipyridine-5-(N-( 11-hydroxyundecyl) 
carboxamide and 2.0 mL (18 mmol) of methacryloyl chloride: yield 0.325 g (0.74 mmol, 58 %) of 
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a white powder; Ή-ΠΙΏΓ (CDCl·,) δ: 9.03 (s, IH, 6-PyH), 8.71 (d, IH, б'-РуН), 8.50 (m, IH, 3-
РуН), 8.46 (m, IH, З'-РуН), 8.19 (m, IH, 4-РуН), 7.84 (m, IH, ^-РуН), 7.36 (m, IH, S'-PyH), 
6.16 (t, IH, NH), 6.10 (s, IH, HC=C), 5.54 (s, IH, HC=C), 4.14 (t, 2H, OCH2), 3.5 (m, 2H, 
NCH2), 1.96 (s, 3H, СНзС=С), 1.8-1.1 (br m, 18H, CH2); Anal. Caled, for C^HjsNjOj: С 
71.37, H 8.06, Ν 9.60; Found С 71.01, Η 8.11, Ν 9.52. 
Îi-(2-(2-Aminoethoxy)ethyl)-ïi,ïi-dihexadecyl-ïi-methyl ammonium chloride (8) 
A solution of 1.5 g (2.4 mmol) of A42-(2-chloroethoxy)ethyl)-N,N-dihexadecyl-N-methyl 
ammonium chloride and 0.5 g of sodium azide in 50 mL of acetone was refluxed for 16 h. The 
reaction mixture was concentrated under vacuum, dissolved in 50 mL of dichloromethane and 
extracted with a aqueous 0.1 N HCl solution. The organic layer was dried (ЫазЗОд) and 
concentrated under reduced pressure. The resulting white solid was dissolved in 30 mL of THF 
and cooled to 0oC. Lithium aluminiumhydride (0.5 g) was added over an period of 10 min. with 
stirring. After stirring for 30 min. at 0oC 5 mL of a saturated aqueous ammonium chloride 
solution was carefully added. After gas evolution had ceased 50 mL of a aqueous 2 N HCl 
solution was added and the mixture was extracted three times with 50 mL of dichloromethane. 
The organic layers were combined, washed with aqueous 1 N sodium hydroxide solution, dried 
(N82804) and concentrated under vacuum to give a white solid product: yield 1.3 g (2.15 mmol, 
91 %); Ή-ηηΐΓ (CDC13) δ: 3.9 (b s, 6H, NCHzCHjOCHj), 3.5-3.2 (m, 7H, NCH2 and NCH3), 
2.85 (t, 2H, C//2NH2), 1.8-1.3 (m, 56H, CH2), 0.9 (t, 6H, CHj,; IR (neat) / cm"1: 3360 (s, NH), 
1073(5,0}). 
^-(2-(2-(2,2'-Bipyridine-S'Carboxamido)-ethoxy)ethyl)-ìi,ìi-dihexadecyl-bi-methyl 
ammonium chloride (9) 
This compound was synthesized as described for 2,2,-bipyridine-5-(/V-(6-hydroxyhexyl) 
carboxamide, starting from 0.5 g (2.6 mmol) of 2,2'-bipyridme-5-carboxylic acid (0.0026 mol) and 
1.3 g (2.15 mmol) of AH2-(2-aminœthoxy)ethyl)-iV,N-clihexadecyl-N-methylammonium chloride. 
After purification by column chromatography (silica, eluent 10 vol.% of methanol in 
dichloromethane) a while solid product was obtained: yield 0.95 g (0.12 mmol, 56 %) of a white 
powder; 'H-nmr (CDCI3) δ: 9.43 (s, IH, 6-PyH), 9.24 (b, IH, 6'-PyH), 8.67 (m, IH, 3-РуН and 
NH), 8.40 (m, 2H, 4-РуН and З'-РуН), 7.84 (m, IH, 4'-РуН), 7.30 (m, IH, 5'-PyH), 4.2-3.6 (b m, 
8H, CH2CH2OCH2CH2), 3.5-3.2 (m, 7H, NCH2 and NCHj), 1.8 -1.3 (m, 56H, CH2), 0.9 (t, 6H, 
СНз).; IR (neat) υ / cm"1: 3400 (w, OH), 3230 (m, NH), 1650 (s, CO), 1546 (w, NH), 1079 (m, 
COC); Anal. Caled, for C4gHg5N402Cl: С 73.38, H 10.91, N 7.13, found С 73.19, H 11.07, N 
6.96. 
(2,2 '-Bipyridyl-5-(N-(6-methacryloxyhexyl)carboxamide) (pentamethyl-
cyclopentadienyl)rhodium dichloride (RhC¿) 
То a suspension of 0.093 g (0.3 mmol) of [RhCp*Cl2]2 in 2.5 mL of methanol was added 0.106 
g (0.29 mmol) of 2,2'-bipyridine-5-(AK6-methacryloxyhexyl)carboxamide. Within 30 sec. a clear 
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orange solution was formed. The reaction mixture was stirred for 30 min., filtered over a 
glassfílter, and concentrated under vacuum to give an orange oil. The product was precipitated by 
adding 10 mL of diethyl ether and subsequently stiiring for 24 h. (when necessary the suspension 
was sonicated in a bath-type sonicator for 30 min. at room temperature): yield 0.16 g (82 %) of a 
yellow hygroscopic powder; ^-nmr (CDClj) δ: 10.04 (b t, IH, NH), 9.42 (b, 2H, 6-PyH and 6'-
PyH), 8.96 (b, IH, 3-PyH), 8.13 (b, 2H, З'-РуН and 4-PyH), 7.82 (b, 2H, 4'-PyH and S'-PyH), 
6.09 (s, IH, HC=C), 5.51 (s, IH, HC=C), 4.11 (t, 2H, OCH2), 3.53 (br m, 2H, NCH2), 1.93 (s, 
3H, СНзС=С), 1.71 (s, 15H, CHjCp), 1.3 (b, 8H, CH2); Anal. Caled, for 





This compound was synthesized as descibed for RhC6, starting from 0.160 g (0.37 mmol) of 2,2'-
bipyridine-5-(N-(l l-methacryloxyundecyl)carboxamide and 0.114 g (0.185 mmol) of 
[RhCp*Cl2]2: yield 0.255 g (92 %) of a yellow hygroscopic powder; •Н-шпг (СОСЦ) d: 10.0 (b, 
IH, NH), 9.40 (b, 2H, 6-PyH and 6'-PyH), 8.98 (b, IH, 3-PyH), 8.20 (b, 2H, З'-РуН and 4-PyH), 
7.87 (b, 2H, 4'-PyH and 5'-PyH), 6.10 (s, IH, HC=C), 5.56 (s, IH, HC=C), 4.02 (t, 2H, OCH2), 
3.53 (br m, 2H, NCH2), 1.90 (s, 3H, СНзС=С), 1.67 (s, 15H, CHjCp), 1.3 (b, 18H, CH2); Anal. 
Caled, for Сз
б
Н50Суі,ОзЮі 1.5H20: С 55.89. H 6.91, Ν 5.43; Found: С 55.78, Η 6.82, Ν 5.34. 
{S-(2-(2-(2,2'-Bipyridyl-5-carboxamido)-ethoxy)ethyiy^^i-dihexadecyl-^i-methyl 
ammonium)(pentamethylcyclopentadienyl)rhodium trichloride (RhN) 
This compound was synthesized as descibed for RhC6, starting from 0.314 g (0.40 mmol) of N-
(2-(2-(2,2'-bipyridine-5-carboxamido)-ethoxy)ethyl)-7V,yV-dihexadecyl-/y-methylammonium 
chloride and 0.124 g (0.20 mmol) of [RhCp*Cl2]2: yield 0.415 g (94 %) of a yellow powder, Ή -
NMR (CDCI3) d: 10.4 (b, IH, NH). 9.6 (b d, IH, 6-PyH), 9.4 (s, IH, б'-РуН), 8.95 (b d, IH, 3-
PyH), 8.5 (b d, 2H, 4-PyH and З'-РуН), 8.2 (b t, IH, 4'-PyH), 7.9 (b t. IH, S'-PyH), 4.2-3.2 (b m, 
15H, CH2CH2OCH2CH2. NCH2. and NCH3), 1.8 -1.3 (m, 56H, CH2). 0.9 (t, 6H, C ^ , and 2.1 
(s, - 9H, H20); Anal. Caled, for C58H100Cl3N4O2Rh 5H20: С 58.80, Η 9.36, Ν 4.73; Found: С 
59.05, Η 9.24, Ν 4.69. 
N-Octyl^'Chloroacetamide*4 
2-Chloroacetyl chloride (16.7 g , 0.081 mol) and 0.1 g of MN-dimethyl-4-aminopyridine were 
dissolved in 50 ml of dichloromethane and cooled to 0CC. Octylamine (12.9 g, 0.1 mol) and 10 
mL of triethylamine were added in 1 h. with stirring. The reaction mixture was stirred for another 
h. after which the resulting precipitate was filtered off. The filtrate was extracted with 1 N 
aqueous HCl, dried (MgSC^), and evaporated to dryness. The oily residue was distilled: yield 
12.3 g (60%) of a waxy product; Bp. 119-120oC at 0.25 torr. Ή-ηηΐΓ (CDCy δ: 6.9 (b s, IH, 
NH), 4.1 (s, 2H, CH2C1), 3.35 (q, 2H, CH2N), 1.3 (b m, 12H, CH2), 0.9 (t, 3H, CH3). 
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fi-Dodecyl-2-chloroacetamide 
This compound was synthesized as described for N-octyl-2-chloroacetamide, starting from 9.3 g 
(0.05 mol) of dodecylamine and 5 g (0.044 mol) of 2-chloroacetyl chloride. After evaporation of 
the solvent the crude product was recrystallized from diethyl ether: Yield 6.2 g (0.024 mol, 54%) 
of a waxy product Ш-шпг (CDClj) δ: 6.6 (b s, IH, NH), 4.1 (s, 2H, CH2C1), 3.35 (q, 2H, 
CH2N), 1.3 (b m, 20H, CH2), 0.9 (t, 3H, CHj). 
N-Hexadecyí-2-chloroacetamide 
This compound was synthesized as described for N-octyl-2-chloroacetamide, starting from 11 g 
(0.046 mol) of hexadecylamine and 5 g (0.044 mol) of 2-chloroacetyl chloride. After evaporation 
of the solvent the crude product was recrystallized from diethylether: Yield 6.5 g (0.021 mol, 47 
%) of a waxy product; iH-nmr (CDCI3) δ: 6.5 (b s, IH, NH), 4.1 (s, 2H, CH2C1), 3.35 (q, 2H, 
CH2N), 1.3 (b m, 28H, CH2), 0.9 (t, 3H, CH3). 
l'(N-Octylcarbamoylmethyl)pyridinium-3-carboxamide chloride (CgNA+) 
3-Pyridinecarboxamide (3.0 g, 0.025 mol) and 6.0 g (0.029 mmol) of N-octyl-2-chloroacetamide 
were dissolved in aceton and refluxed for 24 h. After cooling the reaction mixture to room 
temperature the resulting crude product was filtered off, washed with acetone and recrystallized 
three times from aceton-acetonitrile (1/1 v/v): Yield 1.35 g (17 %) of pale yellow crystals; Чі-шпг 
(CD3OD) δ: 9.55 (s, IH, 6-PyH), 9.05 (m, 2Н, 4-РуН and 6-РуН), 8.20 (m, IH, 5-РуН), 5.5 (s, 
IH, NH), 4.3 (s, 2H, СНгРу), 3.25 (t, 2Н, CH2N), 1.3 (b m, 12H, CH2), 0.9 (t, 3H, CH3); UV-
vis (H20) λ ^ / nm (ε / M^.cm1): 267 (4300). 
l-(S-Dodecykarbamoylmethyl)pyridinium-3'Carboxamide chloride (C^NA *) 
This compound was synthesized as described for C8NA
+
, starting from 1.22 g (0.01 mol) of 3-
pyridinecarboxamide and 3.0 g (0.0115 mol) of N-dodecyl-2-chloroacetamide. Recrystallization 
from ethanol (three times) gave 2.0 g (54 %) of pale yellow crystals; Ή-ηπιτ (CD3OD) 8: 9.51 
(s, IH, 6-PyH), 9.0 (m, 2Н, 4-РуН and 6-PyH), 8.21 (m, IH, 5-РуН), 5.6 (s, IH, NH), 4.3 (s, 
2H, CH2Py), 3.23 (t, 2Н, CH2N), 1.3 (b m, 20H, CH2), 0.9 (t, 3H, CH3); UV-vis (H20) λ ^ / 
nm (ε /M-^cm1): 267 (4180). 
l-((N-Hexadecyl)carbamoylmethyl)pyridinium-3-carboxamide chloride (Cj^A*) 
This compound was synthesized as described for CgNA+, starting from 1.22 g (0.01 mol) of 3-
pyridinecarboxamide and 3.9 g (0.012 mol) of yv-hexadecyl-2-chloroacetamide. Recrystallization 
from ethanol (three times) gave 2.0 g (54 %) of pale yellow crystals. 'H-nmr (CD3OD) δ: 9.55 
(s, IH, 6-PyH), 9.01 (m, 2Н, 4-РуН and 6-PyH), 8.20 (m, IH, 5-РуН), 5.55 (s, IH, NH), 4.3 (s, 
2H, CH2Py), 3.21 (t. 2Н, CH2N), 1.3 (b m, 28H, CH2), 0.9 (t, 3H, CH3); UV-vis (H20) λ » ^ / 
nm (ε / Μ-ΐχητ1): 267 (4100); 
5,10,15,20-Tetrakis-(4-hexadecyloxyphenyl)porphyrinmanganese(HI) chloride 
This compound was synthesized as described in the literature for 5,10,15,20-tetraphenylporphyTin 
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manganese(in) chloride,45 starting from 0.4 g (0.25 mmol) of 5,10,15,20-tetrakis-(4-
hexadecyloxyphenyl)porphyrin and 1 g of manganese(II) acetate: yield 410 mg (96 %) of a dark 
powder; UV-vis (CH 2C1 2,1^ / nm (e / M^.cm1)): 356 (4.43), 380 (4.60), 408 (4.57), 479 
(4.86), 584 (3.82), 624 (4.01). 
Preparation of the catalysts 
Incorporation of RhC
 6 and RhCn A dispersion of 62.4 mg (0.1 mmol) of MHACl in 2.0 mL of 
water was sonicated in a bath-type sonicator for 1 h. at 40 °C. An amount of the rhodium 
complex (IO 6 to 10"5 mol) was added to this optically clear solution and the solution was 
vortexed until the rhodium complex had dissolved. 
Incorporation of RhN. In a test tube 11 mg of RhN (10"5 mol) was added to a solution of 63 mg 
(0.1 mmol) of MHACl in 0.5 ml of CH2C12. The solvent was evaporated under a stream of 
nitrogen to leave a homogeneous mixed film of the rhodium complex and the surfactant. The 
sample was dried for 2 h. in a vacuum exsiccator at 0.2 mmHg. Water (preheated at 50oC) was 
added to the mixed film while vortexing. The resulting dispersion was placed in a bath-type 
sonicator and sonicated for 1 h. at 40oC. 
Incorporation ofMnTHPP. In a test tube 0.42 mL of a 1.2 mM stock solution of MnTHPP in 
CH2C12 (0.5xl0-6 mol) was added to a solution of 157 rag (0.25 mmol) of MHACl in 0.5 ml of 
CH2C12. The solvent was evaporated under a stream of nitrogen to leave a homogeneous mixed 
film of the porphyrin and the surfactant. The sample was dried for 1 h. under vacuum. For 
samples prepared by the sonication method 5 mL of water (preheated at 50oC) was added to the 
mixed film while vortexing. The resulting dispersion was placed in a bath-type sonicator and 
sonicated for 2 h. at 50CC. For samples prepared by the ethanol injection method the mixed film 
was solubilized in 1 mL of ethanol/THF (1/2 v/v). This solution was injected into the vortex of 50 
mL rapidly stirred water (- 1000 rpm, preheated al 50°C). Finally this solution was concentrated 




, and RhN. In case of RhCjj an amount of the rhodium 
complex was added to an aqueous dispersion MnTHPP and MHACl which was prepared as 
described above. For catalyst solutions that contained both MnTHPP and RhN, the latter 
compound was added to the CH2C12 solution before preparation of the mixed film. 
Polymerization. An 0.02 mL aliquot a 0.12 M solution of AIBN (2.5ХІ0"6 mol) in ethanol was 
added to an aqueous dispersion of the rhodium complex and MHACl (1 mL, prepared as 
described above) while vortexing. The solution was carefully degassed, placed under argon, and 
polymerized for 2 h. at 70 0C. Water (50 mL) was added and the free rhodium complex that was 
left, was removed by ultrafiltration (Amicon YM 100 membrane). The latter procedure was 
repeated (typically 4-5 times) until the concentration of the rhodium complex in the filtrale was 
below its detection limit (UV-vis). Finally, the volume of the residue was adjusted to 10 mL and 
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the concentration of the rhodium complex was determined by UV-vis. The concentrations of the 
rhodium complexes varied per catalyst preparation. Their concentrations in the reaction mixtures 
arc given for each experiment in the Result section. 
Ion-exchange. A polymerized solution of the catalyst (10 mL, 5 mM of MHACl) was placed on a 
column packed with an ion-exchange resin (1x20 cm, DOWEX 1-X2, bromide form), and eluted 
with water. The fractions containing the rhodium catalyst were combined and concentrated by 
ultrafiltration (Amicon YM 100 membrane) to a volume of 10 mL. The fraction of rhodium that 
was recovered was better than 95 % of the initial concentration, as was checked by UV-vis. 
Cyclic voltametry 
For the measurements in water we used a basal cleaved pyrolytic graphite electrode as the 
working electrode together with a platinum auxiliary electrode. The graphite electrode was 
polished with alumina, rinsed with water and cleaned in a bath-type sonicator during 1 min. before 
use. In dichloromethane platinum working and auxiliary electrodes were used. The reference 
electrode was a SSCE, separated by a salt bridge of similar composition and pH (but without the 
redox active compound) from the sample compartment. The measurements in dichloromethane 
were carried out in a glove box, using freshly prepared solutions of the rhodium complexes. For 
the electrochemical measurements in water dispersions of the catalysts were used which were 
prepared as described above. In a typical measurement 1 mL of the catalyst and 3 mL of the 
buffer were placed in the electrochemical cell and purged with argon for 20 min. Prior to the 
measurements cyclic voltamograms were recorded between 0 V and -0.8 V with a scan rate of 50 
mV.s"1 until a stable signal was obtained. This required typically 30 min. 
Kinetic measurements 
For the kinetic measurements an aqueous buffer of 50 mM of ЛГ-ethylmorpholine / formic acid of 
pH 6.9 was used. In a typical experiment 1.9 mL of a solution of the buffer, sodium formate, and 
the substrate was placed in a quartz cuvette and degassed by bubbling argon through the solution 
for 15 min. The cuvette was immediately closed with a rubber septum and placed in the 
thermostatted cuvette-holder of the spectrophotometer. The temperature was left to equilibrate 
for 15 min. and 0.1 mL of a degassed solution of the catalyst was added with the help of a micro-
syringe. The course of the reaction was followed by measuring the change of the absorbance (λ / 
nm (log Δε)): И 431 (3.97); NA+, C8NA+ ,C12NA+, and C16NA+: 267 (3.63); MnTSPP 466 
(4.92); MnTHPP 440 (4.60). 
Experiments at various pH values 
An aliquot (10 mL) of an aqueous solution of 50 mM of N-ethylmorpholine and 350 mM of 
formic acid was adjusted to the desired pH value with a concentrated sodium hydroxide solution. 
The resulting solution was used as the buffer solution in the experiments, which were earned out 
as described above. The formation of the rhodium(I) complex was followed by the increase of the 
absorbance at 520 nm (T = 37.5 0C). After 5 to 15 min. a constant value of the absorbance was 
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obtained which was used as the equilibrium value A
 H . The pH curve was obtained by plotting 
(ApH - АрЦшІпУ (АрНдаи " ApH.min) ^ 3 » " 5 1 t h e Ρ Η · APH,min **<* ApH,n,a " « ^ v a l u e s o f *** 
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5 Reductive activation of dioxygen in a two-phase 
system 
5.1 Introduction 
The reductive activation of dioxygen by the Cytochrome P450 enzyme has been the subject of 
intense investigations in the last decade because of its complex reaction mechanism and potential 
use in synthetic applications including the epoxidation of alkenes (eqn. I).1 
X + O2 + 2 H+ + 2θ- ІШм/-\іШ + Η2θ (1) 
Various synthetic model systems have been developed to mimic the enzymatic properties of 
cytochrome P450 in the activation of molecular oxygen, most of which involve the use of a 
metallo-porphyrin as catalyst, in combination with a reducing agent such as sodium borohydride, 
ascorbate, zinc, or molecular hydrogen/Pt as co-catalyst.2 In the course of our studies on 
membrane-bound cytochrome P450 mimics,
3
 we recently observed that the rhodium complex 
Rh(ni)Cp*(2,2'-Ьіру)СІ2 (Cp* is η-pentamethylcyclopentadienyl) is an efficient catalyst for the 
reduction of manganese(ni) porphyrins by sodium formate. Here we report that a two-phase 
5J ^ Д + 
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Figure 5.2 UV-vis absorption spectrum of a 2 μΜ solution of Mn(III)TPP in 
dichlorome thane, after being treated with 0.1 M sodium formate solution without 
RhCp*(2,2'-bipy)Cl2present (---), and with RhCp*(2,2'-bipy)Cl2present ( — ). 
Τ =40°C; pH = 8.5. 
system consisting of an aqueous sodium formate solution, a trichloroethane solution of 
manganese(in) tetraphenylporphyrin (Mn(III)TPP), together with Rh(in)Cp*(2,2,-bipy)Cl2 as a 
redox-active phase transfer catalyst (Figure 5.1) is able to epoxidize olefins under an atmospheric 
pressure of oxygen. 
5.2 Results and discussion 
When 2 mL of a solution of 2.0 μΜ of Мп(Ш)ТРР in dichloromethane was placed in a quartz 
cuvette and was treated with 1 mL of an aqueous solution of 0.1 M of sodium formate and 5 mM 
RhCp*(2,2'-bipy)Cl2 (pH 8.5 ) at 40 0C under an atmosphere of argon, we observed an intense 
green coloring of the organic phase. The UV-vis spectrum showed that the Soret band at 470 nm 
had disappeared, and that a new absorption band at 441 nm had been formed ( Figure 5.2 ). This 
absorption band is characteristic of a Mn(II)TPP complex. In the absence of the rhodium complex 
or of sodium formate no reduction took place. Presumably, the rhodium complex catalyzes the 
reduction of Mn(III)TPP in the organic phase by the formate ions in the aqueous phase. The 
presence of 5 mM of imidazole (Im) in the aqueous phase almost completely inhibited the 
reduction of Μη(ΠΙ)ΤΡΡ, whereas the presence of 5 mM of iV-decylimidazole in the organic 





complex proceeds via binding of formate ion to the rhodium center. It is therefore reasonable to 
suppose that inhibition of the reduction by imidazole is caused by competitive coordination of 
imidazole to the rhodium center. Since this inhibition is only observed when imidazole is present 
in the aqueous phase, reduction of the rhodium(ni) complex has already occurred before it 
diffuses to the organic phase since we observed no competive inhibition on the reduction of 
Mn(III)TPP by N-decylimidazole. 
In a subsequent series of experiments we tested whether this two-phase redox system was capable 
of catalyzing the oxidation of olefms by molecular oxygen. In a typical reaction 1.0 mL of a 
trichloroethane solution of 0.1 mM of Μη(ΠΙ)ΤΡΡ, 10.0 mM of N-decylimidazole, 50.0 mM of 
benzoic anhydride and 0.285 M of substrate was rapidly stirred with 1.0 mL of an aqueous 
solution of 0.1 M of NaHCOO and 5 mM of RhCp*(2,2,-bipy)Cl2 ( pH 8.5 titrated with EtjN ) at 
40 °C under an atmospheric pressure of dioxygen. Analysis of the organic phase by GLC revealed 
that oxidation of the substrates had occurred (Table 5.1). The substrate a-pinene is selectively 
oxidized to the epoxide. Nerol gave a mixture of the 2,3-epoxide and the 6,7-epoxide in a molar 
ratio of approximately 1 : 2. Other oxidation products were only formed in trace amounts. In the 
absence of MnTPP, RhCp*(2,2'-bipy)Cl2, sodium formate, or dioxygen no oxidation products 
were formed, and carrying out the reaction under an atmosphere of pure oxygen did not improve 
product yields. In the absence of benzoic anhydride present the turnover numbers were much 
lower. Attempts to improve the efficiency by changing the concentrations of the various reactants 
were unsucsessful. This is most likely due to (he fact that Μη(ΙΠ)ΤΡΡ is almost completely 
Table 5.1 Catalytic activity of the two-phase system in the 

























a) Reaction conditions: 1 mL of a dichloromethane solution of 0.1 mM ofMn(lH)TPP, 10 
mM of N-decy Imidazole and 0.285 M of substrate; 1 mL of an aqueous solution of 0.1 M 
of NaHCOO andSmM ofRhCp*(2,2 '-bipyjCh ( pH 8.5 ); Τ =40 "С; b) The partial 
pressures of dioxygen were applied by stirring the reaction mixtures under an atmosphere 
of nitrogen ( p(02) = 0 mmHg ), at the air ( p(02) = 160 mmHg ), or under an 
atmosphere of oxygen (p(02) = 760 mmHg ). 
с) Turnover number is [ product ]/ [ Mn(IIl)TPP ]; The reaction time was 1 h. 
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degraded after 20 minutes, as was shown by the disappearance of the 470 nm Soret band in the 
UV-vis spectrum. 
These results show that the present system is able to catalyze the epoxidation of olefins. We 
suggest that this reaction occurs by reaction of the olefin with a high-valent manganese-porphyrin 
oxo-complex. This species is probably formed by a combined reaction of the reduced rhodium 
complex, the manganese porphyrin, and molecular oxygen. The higher turnover numbers in the 
presence of benzoic anhydride are in favor of this explanation, since this compound is known to 
assist in the cleavage of the oxygen bond after it is bound to the manganese center of the 
porphyrin ring.5 We cannot, however, exclude the formation of peroxy acids or hydrogen 
peroxide as a result of autoxidation. So far, attempts to improve the yield of epoxide by using 
more stable derivatives of Мп(Ш)ТРР ( e.g. Μη(ΙΠ)Τ2 6-diClPP and МпапуГр^СІРР ) 6 have 
not increased product yields and similar degradation of the Μη(ΙΠ) porphyrins was observed. This 
rather puzzling result leads us to believe that a strongly oxidizing species is formed during the 
course of the reaction, which is capable of degrading otherwise stable Μη(ΠΙ) porphyrins. Based 
on previous evidence described in the literature,7 we tentatively suspect the formation of a 
rhodium-superoxo species that is capable of further reacting with the manganese porphyrins in 
such a way as to catalyze their degradation. Further experiments are being carried out to elucidate 
the reasons behind the rapid decay of the porphyrin ligand and to improve the efficiency of the 
catalytic system. 
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6 Surfactants containing imidazole ligands. 
Spontaneous formation of vesicles by addition of 
metal ions 
6.1 Introduction 
Recent interest in the use of synthetic surfactant aggregates as supports for catalytic functions,1·2·3 
has prompted us to synthesize the imidazole ligand-surfactant 1 and to study its self-organizing 
properties in water. In this chapter we report that aqueous dispersions of 1 form planar bilayer 
structures, which spontaneously transform into closed vesicles when Cu2+ ions are added. 
/VVWVVWX / ci-
 / = χ 
\AAAAAAAA/N^/NO/VVN 1 
6.2 Results and discussion 
Compound 1 was synthesized starting from A42-(2-hydroxyethoxy)ethyl]-N-methylamine by the 
following steps: (i) double alkylation with hexadecyl bromide in ethanol in the presence of base 
(64%), (U) treatment with SOC^ in CH2CI2 ( 9 8 % ) . and (Ш) reaction with Nal and imidazole in 
acetonitrile (58%). The final product was converted into its chloride salt by ion exchange 
chromatography (Dowex 1X2-100). 
Dispersion of 1 in water by vortexing at 50 "С yielded a clear solution which, after cooling to 
ambient temperature, became viscous but remained optically clear. DSC showed a sharp phase 
transition at 33 0C, which is indicative of the formation of an ordered bilayer structure.4 Electron 
microscopy revealed the presence of large, slacked planar bilayer structures (Figure 6.1 A). 
Vesicles or other curved bilayer structures were not observed. 
Upon addition of СиСІ2 above the phase transition temperature a broad absorption band with a 
maximum at 620 nm appeared in the visible spectrum, characteristic of a Cu(II)-(imidazole)4^+ 
complex.5 From a titration experiment, using the increase in absorbance at 620 nm, the 
stoichiometry of the complex was calculated to be 3.4 ± 0.2 . The apparent association constant 
84 
Surfactants containing imidazole ligands 
Figure 6,1 Electron micrographs of 0.05 M dispersions of 1 ( freeze-fracture 
method ) in water (A, magn. 76,000 x), in 0.1 M CuCl2 (B, magn. 33.000 x), and in 
0.1 M ZnCl2 (C, magn. 33,000 x). Electron micrograph of a 2xlù3 M dispersion of 1 
in 0.1 M CuCl2 (D, negative staining with 1 % uranylacetate, magn. 115,000 x). 
amounted to (6.5 ± 1.2)xl03 M 1 . 6 Upon cooling, the solution became opalescent which suggests 
that the metallo-aggregates have a morphology different from the metal-free dispersions. 
Electronmicroscopy showed the disappearance of the stacked bilayer structures and the formation 
of unilamellar and multilamellar vesicles (Figure 6.1, В and D). Remarkably, the gel to liquid 
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phase transition was hardly affected (34 0C), which means that binding of Cu2+ mainly takes place 
in the headgroup region, leaving the ordening of the alkyl chains undisturbed. 
Binding of ZnCl2 to dispersions of 1 above the phase transition temperature resulted in the 
formation of a white precipitate. Eleclronmicroscopy showed that this precipitate also contained 
curved bilayer structures, as opposed to the metal-free surfactant solutions ( Figure 6.1 C). 
However, these bilayers were strongly associated into very large globular aggregates. DSC did 
not detect any phase transition in the temperature range 5-60 °C. Чі-птг titration experiments 
with zinc(II)acetate in stead of zinc(II)chloride showed that complexes are formed in which four 
imidazole ligands are bound to one Zn2+ ion (experimentally 3.7 ± 0.3). 





Figure 6.2 Schematic representation of the arrangement of metal-free 1 in 
bilayers (A) and of copper complexes ofl in bilayers ( В ). 
These results indicate that the aggregate morphology of 1 is strongly affected by binding of metal 
ions. The observed morphology changes can be explained from a decrease of the packing 
parameter of surfactant I.7 In the metal-free system the N-substituted imidazolyl functions will 
point away from the bilayer plane as is shown in Figure 6.2 A. On coordination to a metal center 
the imidazolyl functions are forced to become more parallel to the bilayer plane (Figure 6.2 B). 
This will increase the headgroup size, whereas the hydrophobic part is not affected. It is 
remarkable that the Cu2* ions prefer to coordinate within the bilayers to form vesicles and do not 
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coordinate between bilayers to form precipitates as probably in the case of the Zn2+ ions. This 
different behavior might be related to the fact that Си(П) and Zn(II) can form different types of 
metal-imidazole complexes. However, other factors like anion binding and hydration of the 
headgroup may also play a role. What the dominant factors are needs further investigation. 
Interestingly, coordination of 4 ligand-surfactant molecules to a Cu2+ ion at the water-vesicle 
interface, as depicted in figure 6.2 B, leads to the formation of cavities of a type previously 
discussed by us.8 Such cavities, called metallo-hosts, may be expected to encapsulate substrate 
molecules, which could be of interest for further catalytic applications. 
6.3 Experimental 
General methods 
'H-nmr spectra were recorded on a Bruker WH 90 instrument (90 MHz). Chemical shifts are 
given in ppm downfield from tetramethylsilane. Abbreviations used are s=singlet, d=doublet, 
t=triplet, m=multiplet, b=broad. Infrared and Uv-vis spectra were recorded on Perkin Elmer 298 
and Perkin Elmer Lambda 5 spectrophotometers, respectively. Abbreviations used for the infrared 
spectral data arc: s=strong, m=medium, w=weak, b=broad. Differential scanning calorimetry 
measurements were performed on a Setaram DSC 111 instrument (Dr. J.C. van Miltenburg, 
Algemene Chemie, University of Utrecht). Replicas for freeze fracture electron microscopy were 
prepared with a Denton freeze etch apparatus according to standard procedures.9 Transmission 
electron microscopy was earned out with Philips EM 201 (negative staining samples) and Philips 
EM 301 (freeze fracture replicas) instruments. 
Technical grade solvents were used, unless otherwise indicated. Column chromatography and 
TLC were performed on silica (Merck, silica gel 60H and precoaled F-254 plates, respectively). 
For the preparation of the bilayer and vesicles dispersions de-ionized and triple distilled water was 
used. 
2-[2-(N-Methylamino)ethoxy]ethanol 
A solution of 60 mL (2.15 mol) of methylamine and 30 g (0.25 mol) of 2-(2-chloroethoxy)ethanol 
in 50 mL of ethanol were stirred in an autoclave at roomtemperaturc for 16 h. The reaction 
mixture was subsequently concentrated under reduced pressure to remove the excess of 
methylamine. A solution of 10.5 g (0.26 mol) of sodium hydroxide in 50 mL of ethanol was added 
and the precipitated sodium chloride was filtered off. After distillation of the reaction mixture 8.9 
g of the product was obtained: yield 30 %; bp 101-103 0C (15 mmHg); 'H-nmr (CDCI3) δ: 3.7 
(m, 6H, NCHjCHjOCHj), 3.2 (s, 2H, ОН and NH), 2.8 (t, 2H, СЯ2ОН), 2.5 (s, ЗН, CHjN). 
ìi,N-Dihexadecyl-N-[2-(2-hydroxyethoxy)ethyl]-N-methylammonium bromide 
A solution of 2.5 g (0.021 mol) of the above prepared compund, 16 g (0.052 mol) of hexadecyl 
bromide, and 5.42 g (0.042 mol) of Ν,Ν-diisopropyl-ethylamine in 70 mL of ethanol was refluxed 
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for 48 h. The solvent was removed under reduced pressure and the resulting white solid was 
dissolved in 300 mL of dichloromethane. This solution was extracted twice with 
100 mL of an aqueous 2 M NaOH solution, dried (sodium sulphate), and concentrated under 
reduced pressure. The crude product was recrystallized from 100 mL of ethylacetate: yield 8.6 g 
(0.013 mol, 63 %) of a white solid; •H-nmr (СОСЦ) δ: 4.1 (b s, 2H, CH2OH), 3.9-3.6 (m, 4Н, 
СН2ОСН2), 3.6-3.1 (m, 9Н, NCHj and NCH3), 1.3 (m, 56 H, CH2), 0.9 (t, 6H, CH3); IR (KBr) ν 
/ cm"1: 3300 (s, OH), 3000-2800 (s, CH2), 1460 (s, CH2), 1130 (s, CO). 
^i-l2-(2-Chloroethoxy)ethyl]-^i,'H-dihexadecyl-^-methylammonium chloride (bromide) 
Thionyl chloride (0.45 mL, 6.2 mmol) was added to a solution of 2.6 g (4 mmol) of the above 
prepared compound in 50 mL of dichloromethane while sturing at 0 0C under an atmosphere of 
nitrogen. The reaction mixture was allowed to warm to room temperature and stirring was 
continued for 3 h. Dichloromethane (100 mL) was added and the reaction mixture was extracted 
three times with 100 mL of aqueous IN HCl, dried (sodium sulphate), and concentrated under 
reduced pressure: yield 2.5 g of a white solid (approximately 3.9 mmol of a mixture of chloride 
and bromide salt); ^-nmr (CDCI3) δ: 4.1 (b s, 4H, ClCH^HjO), 3.9-3.1 (m, 1 IH, OCH2CH2N, 
CH2N, NCH3), 1.3 (m, 56H, CH2), 0.9 (t, 6H, CHj); IR (KBr) ν / cm"1: 3000-2800 (s, CH2), 
1460 (s, CH2), 1110 (s, CO). Τ 
N,N-Dihexadecyl-N-(2-(2-(l-imidazolyl)ethoxy)ethyl)'N'methylammonium chloride 
A solution of 2.3 g (~ 3.7 mmol) of the above prepared compound, 1.47 g (9.8 mmol) of sodium 
iodide, and 1.5 g (22 mmol) of imidazole in 50 mL of acetonitrile was refluxed for 30 h. The still 
hot solution was filtered and concentrated under reduced pressure. After purification of the crude 
product by column chromatography (5x15 cm silica, deactivated with 10 wght.% of water, eluent 
5 vol. % of methanol in CH2C12) 1.6 g of a while solid product (iodide salt: yield 58 %) was 
obtained. The product was converted to the chloride form by ion-exchange chromatography 
(Dowex 1X2-100, chloride form, eluent ethanol) and finally recrystallized from ethylactetate: 
yield 1.3 g (2 mmol, 54 %) of a white solid; mp 65-66 0C; TLC (silica, eluent 10 vol.% of 
methanol in CH2C12) single spot, Rf = 0.3 (a mixture of the chloride and iodide form gave two 
spots); •H-nmr (CDCI3) δ: 7.6 (s, IH, 2-ImH), 7.0 (s, 2H, 4-ImH and 5-ImH), 4.3-3.7 (m, 8H, 
CH2CH2OCH2CH2), 3.6-3.1 (m, 7H, CH2N and NCH3), 1.3 (m, 56H, CH2), 0.9 (t, 6H, CH3); IR 
(KBr) ν / cm'1): 3400 (m, H20), 3100 (w, CH-Im), 3000-2800 (s, CH2), 1640 (w, C=C-N), 1505 
(w,C=N), 1460 (s, CH2), 1140 (s, CO); Anal, (iodidesalt) Caled, forC^Hg^OIHjO: С 
62.88%, H 10.82%, Ν 5.50%, Found: С 62.87%, Η 10.69%, Ν 5.33%. 
Preparation of aqueous dispersions of 1. Aqueous dispersions of the surfactant were 
prepared by adding the desired amount of 1 to a known aliquot of water. An optically clear 
dispersion was obtained after heating the solution to 50 0C and vortexing for 1 min. 
UV-vis titrations. An 10 mM aqueous dispersion of 1 was sonicated in a bath-type sonicator 
for 60 min. at 50oC. An 0.1 mL to 0.9 mL aliquot of this solution was added at 20 0C to 0.1 mL 
88 
Surfactants containing imidazole ligands 
of a 10 mM aqueous copper(II)chloride solution in a quartz cuvet. The total volume was adjusted 
to 1.0 mL by addition of water. The spectrum was recorded after 3 min. The reference cuvette 
contained an aqueous solution with the same concentration of 1 but without соррег(П) chloride. 
'H-nmr titrations. A 10 mM dispersion of 1 in D 2 0 was sonicated in a bath-type sonicator 
for 60 min. at 50oC. To 0.5 mL of this solution 0.02 mL aliquots of a 1.22 mM solution of zinc(II) 
acetate were added at 20 0C and a spectrum was recorded after 3 min. 
DSC measurements. To 0.075 mL of an 0.1 M aqueous dispersion of 1 in a DSC cup was 
added 0.075 mL of water or an 0.2 M aqueous solution of zinc(II) chloride or соррег(П) chloride. 
The cup was closed and the sample was incubated for 1 h. at 50 °C. After cooling to room 
temperature the cups were placed in the DSC apparatus and heating scans were recorded with a 
scan rate of 2 "C.min1. 
Electron microscopy. Samples for the freeze fracture technique were prepared as described for 
the DSC measurements. Samples for negative staining technique were prepared as described for 
the UV-vis titrations. Carbon coated grids were made hydrophylic by exposure to an argon 
plasma for 2 min. A droplet of the solution to be examined was placed on the grid for 1 min., after 
which it was drained with filter paper. Following this a droplet of a 1 wght.% aqueous uranyl 
acetate solution was placed on the grid and also removed after one min. 
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7 Aggregation behavior and copper binding 
properties of surfactants containing imidazole and 
pyrazole ligands 
7.1 Introduction 
Metallo-micelles and metallo-vesicles are currently receiving interest as novel catalytic systems.1"3 
These aggregates posses catalytic or redox active centers positioned at a lipid- water interface. 
Amphiphilic substrates may be bound at the surface or in the interior of such aggregates and may 
be converted selectively at the metal centers. The reactivity of the metal centers towards aqueous 
reactants can in principle be controlled via the properties of the electric double layer. Examples of 
metallo-micelles and metallo-vesicles include micelle or bilayer forming zinc and copper 
complexes which have been applied to achieve enantioselective hydrolysis of esters.1 Micelles of 
cobalt containing crownethers have been shown to bind molecular oxygen.2 Bilayer forming 
copper chelates have been described which contain two dimensional arrays of copper ions located 
at the bilayer-water interface.3 Such ordered arrays have been used for the amplification of 
chemical signals.4 
The design of self-assembling systems with defined properties is often complicated by the 
complex aggregation behavior of the surfactants, especially when interaction with ions can occur. 
Complexation of alkali metal ions to crown-ether micelles has been shown to alter the cmc and 
aggregation number of the aggregates.5 Binding of transition metal ions has been reported to 
reduce the length of helixes formed by peptide amphiphiles and other bilayer forming surfactants.6 
In the previous chapter we described the spontaneous formation of vesicles by ammonium 
surfactants containing imidazole groups, induced by binding of copper(II) ions. Remarkably, 
binding of zinc(II) ions resulted in the formation of stacked bilayer structures.7 
In order to attain a better understanding of the properties of metallo-surfactants we synthesized a 
series of simple ligand surfactants and studied their morphologies and metal binding properties 
(Chart 7.1). The mean features of these surfactants are an amine group, which makes it possible 
to vary the charge of the headgroup by protonation and deprotonation, a heterocyclic nitrogen 
ligand (pyrazole or imidazole) capable of coordinating transition metals, and an alkyl spacer. 
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Chart 7.1 
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7.2 Results 
7.2.1 Synthesis of the surfactants 
The surfactants were synthesized starting from amino alcohols according to the reaction sequence 
given for compound 1 (Scheme 7.1). Double alkylation on the amine function followed by 
reaction with thionyl chloride converted these amino alcohols into the amine chlorides (overall 
yields - 90%). Reaction of the latter chlorides with excess of imidazole in refluxing acetonitrile 
gave the imidazole surfactants 1 and 2 in 65-70 % yields. Similar reaction conditions applied to 
(Ä)-2-(l-chloropropyl)-NJV-dihexadecylamine gave two products in equal amounts. One of them 
was the target product 3 but this compound appeared to be a racemic mixture. The other product 
was the isomeric N,N-dihexadecyl-l-(2-(l-imidazolyl)propyl)amine which was also racemic. 
Formation of the latter product and racemic 3 suggest that the intermediate of the reaction is an 
aziridinium ring.8 When the much more nucleophilic sodium imidazolate was used as the reagent 
at room temperature in DMF optically active 3 was obtained in 63 % yield. Under these 
experimentally conditions only 10 % of N,N-dihexadecyl-l-(2-(l-imidazolyl)propyl)amine was 
formed. The latter compound was not optical active. 'H-NMR measurements carried out with 










that the optical purity of 3 was higher than 90 %. The pyrazole surfactants 4 and 5 were 
synthesized by treating the corresponding dialkyl amine chlorides with sodium pyrazolate. Yields 
of 4 and 5 amounted to 43 and 30 %, respectively. 
7.2.2 Aggregation behavior In water 
Dispersion of the di-HCl salts of the imidazole surfactants 1 and 2 in water at 40oC resulted in the 
formation of stable opalescent solutions. Upon cooling to room temperature a gel was obtained 
when the surfactant concentration was high (0.1 M). Titration of dilute solutions (0.001 M) of the 
di-HCl salts of 1 or 2 with an aqueous sodium hydroxide solution did not change the turbidity if 
less then one equivalent of base was added. However, above one equivalent of base the solution 
became turbid and the surfactant started to precipitate (Figure 7.1). Apparently, protonation of 
the imidazole surfactants is required for the formation of stable solutions. Weaker acids such as 
acetic acid were not able to solubilize compounds 1 or 2. This is remarkable since a tertiary amine 
group should be sufficiently basic to become protonated by weak acids. 
0 1 2 
Equivalents NaOH • 
Figure 7.1 Change of the pH and turbidity of an 1 mM aqueous dispersion of 
1 in 2 mM HCl upon titration with an aqueous solution of sodium hydroxide at 20°C. 
The turbidity was measured as the absorbance at 450 nm. 
Acid-base titrations of the imidazole surfactants in methanol revealed two distinct protonation 
equilibria (Table 7.1). From the data in Table 7.1 it is clear that the field effect of the protonated 
amine function causes a substantial decrease of the basicity of the imidazole group. A similar field 
effect of the imidazole substituent at the β or γ position relative to the amine function lowers the 
basicity of the latter function. Although the observed effects are considerable they do not account 
for the fact that protonation of 1 and 2 by weak acids in water does not occur. 
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a) The dissociation constants pK
al andpKa2 correspond to the equilibria: 
Im-H+ (or Pyr-H+) i ± H+ + Im (or Pyr) andAmine-H+ i ± Amine + H+, at 20aC in 
water, respectively ( 1m is imidazole and Pyr is pyrazole ). The asterix indicates that the 
dissociation constant was measured in methanol; b) not observed, c) From ref. 9. d) From 
ref. 29. 
Acid-base titrations in water were complicated by the fact that precipitation of surfactants 1 and 2 
occurred if less than one equivalent of strong acid was present Inhomogeneous solutions and 
fouling of the electrode may give rise to substantial errors in the determined pH values. Despite 
this, the resulting titration curves were very reproducible (Figure 7.1). The degree of protonation 
(β = ([H+ t o t a l MH-1-^) / [surfactant]) can easily be calculated from the titration curves. 
Maximum values of β amounted to 0.74 and 0.8 for surfactants 1 and 2 respectively. Apparently, 
in water only one protonation step occurrs, most likely involving the amine function. Addition of 
excess HCl did not result in protonation of the imidazole group of the surfactants. The titration 
curves for 1 and 2 did not show clear end points, but approximate pK
a
o b s
 values can be calculated 
from the pH values at ß=0.5 (Table 7.1). The decrease of the pK^ 8 of surfactants 1 and 2 in 
water compared to the pK^ values of 2-(l-imidazolyl)ethylamine and 3-(l-imidazolyl) 
propylamine,9 which do not aggregate in aqueous solutions, is probably caused by the effect of 
aggregation. Protonation of surfactants in an aggregate causes the latter to become charged upon 
which an electrical double layer is formed. The observed pKa (pKaobs) of species absorbed to the 
interface is related to the surface or intrinsic pK.,1 and the surface potential (ψ) of the aggregate 
by equation I. 1 0 
'Obs 






In aggregates electrostatic repulsion due to protonation of a surfactant molecule will decrease the 
proton affinities of neighbouring surfactant molecules. Furtheimore, the dielectric constant of the 
double layer is less than the dielectric constant of the bulk aqueous phase.11 This may also 
decrease the stability of the charged species. It is clear that both factors will cause a change in the 
pKj1 of the surfactants as compared to the pIC, of model compounds in water. Taking the pK
a
 2 of 
2-(l-imidazolyl)ethylamine and 3-(l-imidazolyl)propylamine from Table 7.1 as approximations for 
the pKg1 's of surfactants 1 and 2, one obtains for the surface potentials of aggregates of 1 and 2 
values of 240 and 310 mV, respectively. Surface potentials of other cationic surfactant assemblies, 
such as micelles of W-dodecyl-AWN-trimethylammonium chloride and vesicles of AW-
dioctadecyl-WV-dimethylammonium chloride have been reported in the literature and amount to 
129 mV and 154 mV, respectively.12·13 These potentials are considerably smaller then the 
calculated surface potentials of our aggregates. It is therefore likely that intersite repulsions and 
the dielectric constant of the double layer have decreased the pK.,1 of the amine functions in 
aggregates of 1 and 2. 
The fact that protonated 1,2 and 3 form opalescent solutions suggests that large aggregates are 
present, e.g. vesicles, lamellae, or tubular structures but not micelles. DSC showed for aqueous 
dispersions of l.HCl a sharp phase transition at 30oC which is indicative of the presence of an 
ordered bilayer structure (Table 7.2). A similar behavior was observed for the mono-HCl salts of 
compounds 2 and 3. For these surfactant aggregates the phase-transitions occurred at 240C and 
ЗГС, respectively. Freeze fracture electron micrographs revealed that in the opalescent solutions 
of l.HCl unilamellar vesicles were present with diameters ranging from 60 nm to 2000 nm (Figure 
7.2 A). Similar structures were observed in solutions of 2.HC1. Addition of excess HCl did not 
alter the phase transition temperature of the imidazole surfactants 1-3, nor did it change the 
turbidity of the solutions. 




















a) Phase transition temperatures and enthalpies were taken from the heating scans of 0.05 
M dispersions of the compounds in 0.05 M HCl. b) Idem in 0.05 M HCl with 0.05 M CuCl2 
present. Scan rate 2°C/imn. 
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Figure 7.2 Freeze fracture electron micrographs of 0.02 M dispersions ofl 
(A, magn. MOOOx) and of 4 (B, magn. бІОООх) in 0.02 M HCl. 
Compounds 4 and 5 did not give clear homogeneous solutions in the presence of 1 equivalent of 
HCl, not even after heating to 80oC and sonication of the suspensions. Instead white precipitates 
were formed. Addition of more HCl did not solubilize the precipitates. Only in concentrated HCl 
compounds 4 and 5 were found to form stable opalescent solutions. Titration of the pyrazole 
surfactants in methanol revealed that these compounds undergo only one protonation step 
(Table 7.1). The pK
a
 values measured in this solvent (pK
a
*) were similar to those of the amine 
functions of the imidazole surfactants 1 and 2. In a separate experiment we tested whether the 
model compound IH-pyrazole could be protonated in methanol. This appeared not to be the case. 
The pK
a
 values are therefore assigned to the amine functions of the pyrazole surfactants. 
DSC experiments indicated that the white precipitates of compounds 4.HC1 and 5.HC1 had an 
ordered structure: phase transitions were observed at 56 0C and 62 "C, respectively (Table 7.2). 
These phase transition temperatures are extremely high compared to the phase transition 
temperatures found for the imidazole surfactants. Freeze fracture electron micrographs showed 
that the white precipitate formed from 4.HC1 contained stacked bilayers (Figure 7.2 B). 
7.2.3 Copper(ll) complexes 
In the presence of 1 equivalent of HCl only the amine functions of surfactants 1-5 are protonated, 
leaving the imidazole and pyrazole groups available for coordination to a metal ion. Addition of 
copper(II) chloride to a sonicated dispersion of the mono-HCl salts of the imidazole surfactants in 
water resulted in the formation of a blue colored solution. UV-vis spectroscopy showed a broad 
band at 590 nm (ε = 49 M"'.cm"1), indicative of the presence of a complex of the type 
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Figure 7.3 UV-vis spectra ofl mM aqueous CuCl2 in the presence of increasing 
concentrations of 1 HCl (A ). UV-vis spectra ofl mM Cu(Cl04)2 ethanol/ 
chloroform ( 1/3 v/v ) in the presence of increasing concentrations oflHCl04 ( В ). 
The numbers in the figures denote the surfactant to metal ion molar ratio, Τ = 20°C. 
Cu(imidazole)42+ (Figure 7.3 A).14·15 Remarkably, the band at 590 nm already appeared at 
equimolar ratios of imidazole surfactant and copper. This indicates that complexes with a lower 
stoichiometry than four imidazole surfactant molecules per copper ion are not formed. On the 
contrary, titration of Cu(C104)2 with I.HCIO4 in ethanol/chloroform16 showed a gradual shift of 
the absorption maximum from 820 nm ([imidazole]/[Cu2+] < 1) to 610 nm ([imidazoleMCu2-1·] > 




, with η gradually increasing from 1 to 4. Such a behavior is to be expected when 
the solution is completely homogeneous. This condition is met in the ethanol/chloroform solvent 
mixture but not in water. In water compound l-HCl is aggregated involving preorganization of the 
ligands at the aggregate-water interface. Because of this preorganization binding of copper can 
now be described by a single step equilibrium (eqn. 2).17 




From the titration curves the association constant K, for the equilibrium given by eqn. 2 and the 
stoichiometry η were calculated by non-linear regression analysis. Best fits were obtained with η = 
4.7 ± 0.3 and Кз = (7.7±l.l)xlOî M 1 for compound 1 and η = 3.4 ± 0.3 and 
Кд = (5.4±1.4)xl03 M'1 for compound 2. These calculated stoichiometries are in good agreement 
with the formation of complexes of the type Cu(imidazole)42+. 
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22ΘΘ 32 42 
Figure 7.4 EPR spectra of aqueous dispersions of 1 HCl with 0.02 equivalent 
( A ) and with 0.1 equivalent ( В ) ofCuCl2 present at 20°C. 
Figure 7.5 Temperature dependence of the super-hyperfine structure in the EPR 
spectra of aqueous dispersions of I HCl (я) and 2 HCl (^ ) containing 0.02 equivalents 
ofCuCl
r
 The super hyperfine structure is parameterized by the Си-motion parameter 
(a+b)/c (ref. 20). The variables a, b, and с are defined in Figure 7.4. 
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EPR spectra were recorded of aqueous dispersions of the imidazole Surfactants l.HCl, 2.HC1, and 
3.HC1 to which 0.02 equivalents of соррег(П) chloride had been added. These spectra showed the 
characteristic features of axially symmetric four coordinated copper(II) complexes 
(Figure 7.4 A).18 The g// signal is split into four lines due to coupling of the unpaired electron 
with the copper nucleus (I = г). The g± signal is superimposed on the extreme right line of g,, 
(m
s
 = ^ /2)· A hyperfine structure due to coupling of the unpaired electron with the nitrogen atoms 
(I = 1) of the imidazole ligands is resolved both on g^ and on the extreme right line of g//. The 
spectral parameters agree very well with those observed for Cu[7V-(n-butyl)imidazole]4Cl2 (Table 
7.3). The resolution of the hyperfine structure on the lines on the extreme right in 
Figure 7.4 A showed a strong dependence on both the surfactant to copper ratio and the 
temperature. Increasing the соррег(П) chloride concentration to 0.1 equivalents per imidazole 
surfactant caused the nitrogen hyperfine splitting to disappear (Figure 7.4 B). Most likely this 
splitting becomes less well resolved due to dipolar broadening of the lines at small distance 
between two adjacent copper nuclei.19 Increasing the temperature also decreased the hyperfine 
splitting, although it did not disappear completely. This decrease did not take place gradually, but 
rather suddenly at 290C and 230C for compounds 1 and 2, respectively (Figure 7.5).20 These 
temperatures are rather similar to the gel to liquid crystalline phase transition temperatures 
measured by DSC for aqueous dispersions of l.HCl and 2.HC1 without соррег(П) ions present 
(Table 7.2). Apparently, the presence of small amounts of copper(n)-surfactant complexes in 
bilayers of l.HCl and 2.HC1 does not have a large influence on the phase transition temperatures. 
Table 7.3 EPR spectroscopic dataa) 
Compound 
lHCl + 0.02eq.ofCuCl2 













a) The spectral parameters were determined from spectra of 0.1 M aqueous dispersions of 
the surfactants in 0.1 M HCl and 0.002 M CuCl2 at 20°C. b) From ref. 18. 
At low concentrations (5 mM) the solutions of the соррег(П) complexes of l.HCl, 2.HC1, and 
3.HC1 were stable for hours but at high concentrations (0.1 M) they became turbid and 
precipitates were formed within one hour. DSC showed that these precipitates still had an ordered 
structure, as was indicated by the presence of a phase transition, see Table 7.2. As can be seen in 
this Table both the temperature and the enthalpy of the transition have increased considerably 
upon addition of СиСІ2 compared to the metal-free dispersions. Freeze fracture electron 
micrographs revealed that the precipitate of the copper complex of l.HCl consisted of aggregated 
bilayers (Figure 7.6). 
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Figure 7.6 Freeze fracture electron micrograph of an 0.05 M aqueous 
dispersion of I HCl in 0.05 M CuCl2 ( magn. 76000x). 
Addition of a copper(II) chloride solution to a suspension of the pyrazole compounds 4.HC1 and 
5.HC1 did not result in any visible changes of the morphology or the color of the precipitates. At 
temperatures above 60oC the precipitates became blue, indicating that coordination of copper(II) 
had occurred, but they did not solubilize. Upon cooling the blue color disappeared, leaving only 
the white solids. Separate titrations of CuCClO^ in ethanol/chloroform mixtures with compound 
4.HCIO4 revealed that in homogeneous solution the pyrazole moiety does not coordinate to the 
copper ion. EPR spectra of compound 4.HC1 recorded in the presence of 0.02 equivalents of 
copper(ll) chloride in water displayed a single broad line, without any hyperfine structure. Similar 
spectra were observed for copper(II) chloride alone in aqueous solution. Apparently, the copper 
ions do not bind to the pyrazole ligands 4 and 5. 
Various attempts to obtain stable dispersions of copper(II) and unprotonated imidazole or 
pyrazole surfactants 1-5 were unsuccessful. Although the copper(II) ions were bound to the 
surfactant molecules, as was noticed by the blue coloring, solubilization of the complexes did not 
occur. Because of this we did not further investigate these systems. 
The chiral imidazole surfactant 3 showed similar copper(II) complexing properties as surfactants 
1 and 2. The UV-vis absorbance spectrum of a 5 mM aqueous dispersion of 3.HC1 and 1 mM of 
СиСІ2 displayed a maximum at 590 nm. The EPR spectrum of this dispersion resembled that of 
the other соррег(П) complexes of 1.HC1 and 2.HC1. In the circular dichroism (CD) spectrum of 
3.HC1 in water a positive band with a maximum at 260 nm was visible (Figure 7.7). At 
wavelengths below 245 nm the CD spectrum became negative (not shown). Comparison with the 
UV spectra was not well possible due to scattering of the solutions at low wavelengths. 
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Remaricably, solutions of the HCIO4 salt of 3 in ethanol-chloroform (3:1 v/v) displayed a negative 
CD spectrum. Apparently, the CD spectrum is very sensitive to changes in the environment of the 
chiral head group, e.g. as occurs when the surfactant molecules become packed in a bilayer 
structure. Addition of CuiClO^ to a solution of З.НСІО4 in ethanol-chloroform (3:1 v/v) 
resulted in the formation of a positive band with a maximum at 300 nm and a negative band with a 
minimum at 570 nm. The former band probably originates from a metal to ligand charge transition 
in the chiral copper complex and the latter band from a d-d transition.15 Upon addition of СиСІ2 
to the aqueous vesicular dispersions of 3.HC1 a red shift of 5 nm and a threefold increase in the 
intensity of the band at 260 nm was observed. At the same time a negative band with a minimum 
at 570 nm appeared. The higher intensity of the band at 570 nm in water (Figure 7.7 d) as 
compared to ethanol-chloroform solution (Figure 7.7 b) is in line with the fact that the chiral 
copper complexes of 3 are more organized in the former solvent than in the latter. 
300 500 
Wavelength / nm 
700 
Figure 7.7 CD spectra of 3.5 mM solutions of3HCl04 in ethanol/chloroform (3/1 v/v) 
without (a) and with 0.65 mM Cu(Cl04)2 (b)present. CD spectra of 3.5 mM aqueous 
dispersions of 3HCl without (c) and with 0.65 mM CuCl2 (d) present. Τ = 20°C. 
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7.3 Discussion 
The data in the Results section show that simple imidazole containing surfactants such as 1-3 can 
form vesicles in aqueous solutions and can bind соррег(П) ions to give complexes in which four 
imidazole ligands are coordinated to one copper ion. In contrast, the pyrazole surfactants 4 and 5 
do not form vesicles and do not bind copper(II) ions. Instead upon protonation in water these 
surfactants give white precipitates which consist of stacked bilayers. We ascribe this different 
behavior to the fact that compounds 4 and 5 can easily form intramolecular hydrogen bonds which 
prevents coordination of the pyrazole moieties to copper (Figure 7.8 A). Intramolecular hydrogen 
bonds also lead to a dispersion of the positive charge, which most likely results in a less hydrated 
head group. As a result the packing parameters for 4 and 5 will be smaller than the packing 
parameters for 1-3, causing the formation of planar bilayers instead of vesicles.21·22 Studies in the 
literature on phosphatidylcholines and synthetic cationic surfactants have shown that incomplete 
hydration generally leads to higher phase transition temperatures.23·24·25 The much higher phase 
transition temperatures of the pyrazole surfactant aggregates as compared to those of the 
imidazole surfactant aggregates are in line with this. 
В С 
Figure 7.8 Possible arrangements of4.HCl (A), I.HCl (B), and of соррег(П) 
complexes of I.HCl (C) in bilayer aggregates. 
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The imidazole surfactants can not form intramolecular hydrogen bonds, leaving the charge 
concentrated on the amine function which will become fully hydrated (Figure 7.8 B). Protonation 
of surfactants 1-3 is limited to one H+ per molecule in the pH range 3-11. A second protonation 
step does not take place, most likely because a decrease of the intrinsic pK.,1 of the imidazole 
moiety has taken place and because of the presence of a positive surface potential. Remarkably, 
the imidazole ligands still display a rather high affinity for соррег(П) ions. It can be expected that 
a positive surface potential increases the local concentration of anions, e.g. chloride and hydroxide 
ions, in the vicinity of the surface. It seems therefore reasonable to suppose that the water 
molecules of the aquo-copper(II) ions in the Gouy-Chapman layer are partly replaced by chloride 
and/or hydroxide ions.26 As a result the copper ions may become neutral or even negatively 
charged and are no longer repelled from the positively charged surface. 
From the UV-vis and EPR spectroscopic data it is clear that imidazole surfactants 1-3 form 
complexes with copper(II) in which four imidazole groups are coordinated to one copper ion. 
Cu(imidazole)42+ complexes have a square planar geometry.27 The most likely arrangement of 
these complexes in the bilayers formed by 1-3 is one in which the plane of the copper complex is 
parallel to the bilayer surface (Figure 7.8 C). Formation of such copper complexes will alter the 
bilayer characteristics. Indeed, DSC showed an increase of the phase transition temperature from 
30oC for 1 in the absence of copper(II) to 490C for 1 with copper(II) present, together with a 20 
% increase in ΔΗ of the transition. Furthermore, the copper-bound vesicles are unstable. At high 
vesicle concentrations they gradually transform into aggregated bilayers. This suggests that 
binding of copper leads to a decrease of the surface charges and to a dehydration of the 
headgroups, as discussed above for the pyrazole surfactants. 
The metallo aggregates presented here are interesting systems, opening the possibility to perform 
enantio-selective catalysis. Work along this line is in progress. 
7.4 Experimental 
General Methods 
Ή NMR spectra were recorded on a Bruker WH 90 instrument (90 MHz). Chemical shifts are 
given in ppm downfield from tetramethylsilane. Abbreviations used are s = singlet, d = doublet, t 
= triplet, m - multiplet, b = broad. The proton to which the signal is assigned is given in italics, 
when necessary. Transmission electron microscopy was carried out with a Philips EM 201 
instrument. A Branson 2200 sonication bath was used for the preparation of the vesicles by the 
sonication method. Differential scanning calorimetry measurements were performed on a Setaram 
DSC 111 instrument (Dr. J.C. van Miltenburg, Algemene Chemie, University of Utrecht). 
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EPR spectra were recorded with a Bruker ESP 300 spectrometer. Infrared and UV-vis spectra 
were recorded on Perkin Elmer 298 and Perkin Elmer Lambda 5 spectrophotometers, 
respectively. Circular dichroism (CD) spectra were recorded on an Auto-dichrograph Mark V 
(Jobin Yvon) apparatus (Department of Biochemistry, University of Wageningen). The cuvettes 
for UV-vis and CD measurements were thermostatted with an accuracy of 0.1 0C. 
Compounds 
Technical grade solvents were used, unless otherwise indicated. DMF and THF were distilled 
before use. Column chromatography and TLC were performed on silica (Merck, silica gel 60H or 
precoated F-254 plates). For the preparation of the bilayer and vesicles dispersions de-ionized and 
triple distilled water was used. 
l-ÇNJï-Dihexadecylaminoi-ethanol 
A solution of 3.06 g (50 mmol) of 2-aminoethanol, 36.6 mL (120 mmol) of hexadecyl bromide, 
and 21 mL ( 120 mmol) of Ν,Ν-diisopropyl-ethylamine in 150 mL of ethanol was refluxed for 72 
h. The reaction mixture was cooled to room temperature and the solvent was removed under 
vacuum. The resulting oily residue was dissolved in 100 mL of dichloromethane and washed three 
times with aqueous 2 N HCl. The organic layer was dried (NajSC^) and the solvent was removed 
under vacuum. The crude product was isolated from the residue by addition of 50 mL of ice-cold 
ethylacetate. After two recrystallizations from ethyl acetate the product was obtained as the HC1-
salt: yield 26.4 g (49 mmol, 98 %); Rf=0.37 (silica, eluent 7 vol.% of methanol in chloroform); 
^-nmr (CDCI3) δ : 4.0 (t, 2H, СЯ2ОН), 3.21-3.0 (b m, 6H, NCH2), 2.1-1.6 (b s , -3H, H20), 
1.30 (b, m, 56H, CH2), and 0.9 (t, 6H, CH3). 
3-(Îi,fi-DihexadecylamiHo)-l-propanol 
This compound was synthesized as described for 2-(N,N-dihexadecylamino)-ethanol, starting from 
1.88 g (0.025 mol) of 3-amino-l-propanol, 18.3 mL (60 mmol) of hexadecyl bromide, and 10.5 
mL (60 mmol) of AW-diisopropyl-ethylamine in 100 mL of ethanol. After recrystallization from 
ethyl acetate the product still contained impurities. The product was dissolved in 100 mL of 
dichloromethane and washed two times with an aqueous 2 N sodium hydroxide solution. The 
organic layer was dried (Na2S04) and concentrated under vacuum. The pure product was 
obtained by flash chromatography (silica, 15x5 cm column, eluent 20 vol.% of hexane in ethyl 
acetate): yield 6.8 g (0.013 mol, 53%) of a white solid; Rf=0.37 (silica, eluent 7 vol.% of 
methanol in chloroform) ; ^-nmr (HCl salt) (CDCI3) δ : 3.81 (t, 2H, СЯ2ОН), 3.30-3.0 (b, m, 
7H, NCH2 and OH), 1.30 (b, m, 58H, CH2 and CHzCHjOH), and 0.9 (t, 6H, CH3). 
(R)-(-)-2-(^,^-Dihexadecylamino)-l-propanol 
This compound was synthesized as described for 2-(MN-dihexadecylamino)-ethanol, starting from 
2.05 g (27.3 mmol) of (Ä)-(-)-2-amino-l-propanoI, 24 mL (79 mmol) of hexadecyl bromide, and 
14 mL (80 mmol) of /W/-diisopropyl-ethylamine in 100 mL of ethanol: yield 14.0 g (92%) of the 
product as the HCl-salt; Rf = 0.39 (silica, eluent 7 vol.% of methanol in chloroform); 
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[ a ] D 2 2 = -9.6° (с = 1, methanol); ^-nmr (CDCI3) δ : 3.81 (d, 2H, CW2OH), 3.48-3.30 (m, IH, 
NCMCH3)), 3.24-2.85 (b m, 4H, NCH2), 1.40 (d, 3H, NCHiC^)), 1.30 (b m, 58H, CH2 and 
СН2СЩОН), 0.9 (t, 6H, СН2СНз), and 2.1-1.6 (b s, -2H, H20). 
ïi-(2-Chloroethyl)-N,N-dihexadecylamine 
To 5 g (9.15 mmol) of 2-(/V>N-dihexadecylamino)-ethanol (HCl salt) in 100 mL of 
dichloromethane was slowly added 3 mL of thionyl chloride at 0oC. Hereafter the reaction 
mixture was allowed to warm up to room temperature. After stirring for 2 h. the mixture was 
poured into 100 mL of ice-water. The organic layer was extracted twice with water and dried 
over anhydrous Na2S04. After removal of the solvent under vacuum of the product was obtained 
as the HCl-salt: yield 5.03 g (97%); Rf = 0.87 (silica, eluent 7 vol.% of methanol in chloroform); 
'H-nmr (CDC13) δ : 4.04 (t, 2H, CH
 2C1), 3.34 (t, 2H, NCW2CH2C1), 3.13-2.95 
(m, 4H, NCH 2), 1.30 (b, 56H, CH2), 0.9 (t, 6H, CH3), and 2.1-1.6 (b s, -2H, H20). 
Îi-(3-Chloropropyl)-fi,Îi'dihexadecylamine 
This compound was synthesized as described for W-(2-chloroethyl)-AUV-dihexadecylaniine, 
starting from 5.96 g (0.011 mmol) of 3-(N,W-dihexadecylamino)-l-propanol: yield 6.09 g (92.5 
%) of a white solid product as the HCl-salt; Rf = 0.73 (7 vol.% of methanol in chloroform); 'H-
nmr (CDCI3) δ : 3.68 (t. 2H, CH2C1), 3.10-2.90 (b, m, 6H, NCH2), 2.54-2.27 (b, m, 2H, 
C//2CH2C1), 1.26 (b, 58H, CH2), 0.9 (t, 6H, CH 3), and 2.1-1.6 (b s, -3H, H20). 
(R)-(+)-^i-2-(l-Chloropropyl)S,^i-dihexadecylamine 
This compound was synthesized as described for A/-(2-chloroethyl)-yvJV-dihexadecylaminc, 
starting from 5.0 g (8.9 mmol) of (R)-(-)-2-('yvjV-dihexadecylamino)-l-propanol: yield 4.5 g 
(83%) of the product as the HCl-salt; Rf = 0.81 (silica, eluent 7 vol.% of methanol in chloroform); 
[ a ] D 2 2 = +10.4° (c = 1, methanol); 1H-nmr (CDCI3) δ : 3.59-3.40 (m, IH, NCflíCHj)), 3.36-3.23 
(d, 2H, CHjCl), 3.19-2.98 (b, m, 4H, NCH2), 1.66 (d, 3H, ЫСН(СЯз)), 1.26 (b, m, 56H, CH2), 
0.9 (t, 6H, CH3), and 2.1-1.6 (b s, -2H, H20). 
N, Îi-Dihexadecyl-2-(l-imidazolyl)ethylamine (1) 
A solution of 2.03 g (3.6 mmol) of Af-(2-chloroethyl)-NJV-dihexadecylamine (HCl-salt) and 1.23 g 
(18 mmol) of imidazole in 70 mL of acetonitrile was refluxed for 3 h. The solvent was removed 
under reduced pressure and the residue was purified by column chromatography (silica, 4x10 cm 
column, eluent 20 vol.% of hexane in ethylacetate) to give 1.42 g (70 %) of an oily product which 
became solid upon standing: Rf = 0.50 (silica, eluent 7 vol.% of methanol in chloroform); mp 40-
4ГС; 'H-nmr (CDCI3) δ : 7.54 (s, IH, 2-ImH), 7.03 (s, IH, 4-ImH), 6.97 (s, IH, 5-ImH), 4.03 
(t, 2H, CH2Im), 2.70 (t, 2H, C//2CH2Im), 2.4-2.0 (t, 4H, NCH2), 1.27 (b, m, 56H, CH2), and 0.9 
(t, 6H, -CH3); IR (KBr) υ / cm 1 : 3100 (w, CH-Im), 2920 (s, CH2), 2850 (s, CH3), 2800 (w, 
NCH2). 1660 (s, C=C-N); MS (CI) m/z (rei. int.): 560.4 ([M+l]+, 16.1%); Anal. Caled, for 
C37H73N3 : c 79.36%, H 13.14% , Ν 7.50%, Found С 78.89%, Η 13.17% , Ν 7.26%. 
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N, ^ i-Dihexadecyl-3-(l-iniidazolyl)propylamine (2) 
A solution of 8.7 g ( 15 mmol) of N-(3-chloropropyl)-NJV-dihexadecylainine, 5.1 g (75 mmol) of 
imidazole, and 5.3 g of sodium iodide in 70 mL of acetonitrile were refluxed for 24 h. The solvent 
was removed under vacuum and the residue was dissolved in 100 mL of dichloromethane. After 
extraction with 2 N aqueous HCl the organic layer was dried (NajSC^) and the solvent was 
removed under vacuum. The oily residue was purified by column chromatography (5x10 cm 
column, eluent 50 vol.% hexane in ethyl acetate) to give 3.4 g (41 %) of an oily product which 
became solid upon standing. The product was stored under nitrogen in a refrigerator; Rf = 0.50 
(silica, eluent 7 vol.% of methanol in chloroform); mp 31.50C; 'H-nmr (CDClj) δ : 7.54 
(s, IH, 2-ImH), 7.03 (s, IH, 4-ImH), 6.97 (s, IH, 5-ImH), 4.03 (t, 2H, CH2Im), 2.70 
(t, 2H, СЯ2СН2Іт), 2.4-2.0 (t. 4H, NCH2), 1.27 (b, m, 56H, CH2), and 0.9 (t, 6H, СН3); 
IR (KBr) υ / cm"1: 3100 (w, C-Η imidazole), 2920 (s, CH2), 2850 (s, CHj), 2800 (w, NCH2), 
1660 (s, C=C-N); MS (CI) m/z (rel. int.) : 574.6 ([M+l]+, 16.1%); Anal. Caled. f o ^ g H ^ : 
С 79.51%, H 13.17%, Ν 7.32%; Found С 79.33%, Η 13.15% , Ν 7.26%. 
(R)-(-)-Îi,Îi-Dihexadecyl-2-(l-(l-imidazolyl)propyl)amine(3) 
Το a dispersion of 0.98 g (41 mmol) of NaH in 25 mL of DMF was added under an nitrogen 
atmosphere 2.72 g (40 mmol) of imidazole. After hydrogen production had ceased 2.0 g (3.5 
mmol) of (Ä)-(+)-2-(l-chloropropyl)-MN-dihexadecylamme (HCl-salt) was added. After stirring 
for seven days the reaction mixture was neutralized with a saturated NaHC03 solution and the 
solvent was removed under vacuum. The solid residue was dissolved in 50 mL of 
dichloromethane and extracted three times with water. The organic layer was dried (NajSO.^ ) and 
evaporated to dryness. After purification of the residue by column chromatography (2.5x15 cm, 
eluent 50 vol.% of hexane in ethyl acetate) 1.26 g (63 %) of an oily product was obtained, which 
crystallized upon standing. The product was stored under nitrogen in a refrigerator; Rf = 0.50 
(silica, eluent 7 vol.% of methanol in chloroform); [a]D22 = -39.6° (c = 1, methanol); 
mp 28-290C; 'H-nmr (CDClj) δ :7.41 (s, IH, 2-ImH), 6.99 (s, IH, 4-ImH), 6.90 
(s, IH, 5-ImH), 4.02-3.52 (d, 2H, CH2Im), 3.16-2.76 (m, IH, КСЩСЩ)), 2.59-2.09 
(m, 4H, NCH
 2), 1.24 (b, m, 56H, CH2), 0.9 (m, 9H, МСЩСЯ 3) and СЯ3); IR (CH2C12) υ/αη"1: 
3100 (w, CH-Im), 2920 (s. СН2), 2850 (s, СН3), 2810 (w, NCH2), 1650 (s, C=C-N) 1500 
(m, C=N); MS (CI) m/z (rel. int.): 574 ([M+l]+, 2.93%); Anal. Caled. f o r C j g H ^ : С 79.51%, 
H 13.17%, Ν 7.32%, Found С 79.53%, Η 13.04%, Ν 7.34%. 
Ν, fi-Dihexadecyl-2'(l-pyrazolyl)eÜiylamine (4) 
This compound was synthesized as described for (Ä)-(-)-AyV-dihexadecyl-2-(l-(l-
imidazolyl)propylamine, starting from 2.04 g (30 mmol) of pyrazole and 1.5 g (2.7 mmol) of 
A43-chloropropyl)-NJV-dihexadecylainine (HCl-salt): yield after a reaction time of 3 days 0.64 g 
(43%) of an oily product; Rf = 0.55 (silica, eluent 7 vol.% of methanol in chloroform); 'H-nmr 
(CDCI3) δ: 7.48 (d, IH, 5-PzH), 7.42 (d, IH, 3-PzH), 6.19 (s, IH, 4-PzH), 4.16 (t, 2H, CH2-Pz), 
2.76 (t, 2H, СЯ2СН2-Рг), 2.4 (b, 4H, NCH2), 1.27 (b, m, 56H, CH2), and 0.9 (t, 6H, СЯ3); 
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IR (CH2C12) υ / cm 1 : 3115 (w, CH-Pz ). 2920 (s, CH2), 2855 (s, CHj), 2800 (w, NCH2), 1690 
(s, C=C-N), 1510 (m, C=N); MS (CI) m/z (rel. int.) : 560.0 ([M+l]*, 14.35%); Anal. Caled, for 
C37H73N3 : c 79.36%, H 13.14% , N 7.50 %, Found С 79.20%, H 13.68% , N 7.51%. 
Ν, ìi-dihexadecyl-3-(l-pyrazolyl)propylamine (5) 
This compound was synthesized as described for (/?)-(-)-N,N-dihexadecyl-2-(l-(l-iinidazolyl) 
propylamine, starting from 2.04 g of pyrazole (30 mmol) and 1.48 g (2.57 mmol) of 
AKS-ChloropropyO-AW-dihexadecylamine: yield after a reaction time of 3 days 0.42 g (43%) of a 
white solid product; Rf = 0.55 (7 vol.% of methanol in chloroform); mp 330C; 'H nmr (CDC13) δ : 
7.51 (s, IH, 5-PzH), 7.24 (s, IH, 3-PzH), 6.23 (s, IH, 4-PzH), 4.19 (t, 2H, C^-Pz), 2.70 
(t, 2H, СЯ2СН2-Рг), 2.47-2.23 (m, 6H, NCH2), 1.27 (b, mF 56H, CH2) and 0.9 (t, 6H, СЩ); IR 
(KBr) u/cm"1: 3115 (w, CH-Pz), 2917 (s, CH2), 2855 (s, CH3), 2790 (w, NCH2), 1631 
(s, C=C-N), 1513 (m, C=N); MS (CI) m/z (rei. int.): 574.1 ([M+l]+, 22.28%); Anal. Caled, for 
C38H75N3 : c 79.51%, H 13.17% , Ν 7.32 %; Found С 79.49%, Η 13.23% , Ν 7.32 %. 
Preparation of vesicle dispersions 
In a typical preparation 11.2 mg (0.02 mmol) of 1 was added to 0.2 mL of an aqueous 0.1 N HCl 
solution. An opalescent dispersion was obtained after heating the solution to 50 0C and vortexing 
for 1 min. This dispersion was diluted with water to the desired concentration of the surfactant. 
Acid-base titrations 
For measurements of the pH in methanol (pH*) a combined glass-reference electrode was used 
from which the reference compartment was filled with a saturated solution of lithium chloride in 
methanol. The electrode was calibrated with buffer solutions of 4-toluenesulfonic acid in methanol 
(pH* = 3.0) and of phenylacetic acid in methanol (pH* = 8.0).28 The titrations jn methanol were 
carried out on 40 mL samples containing 2.5 mM of the surfactant, 9.6 mM HCl, and 0.05 M 
(СНз)4ЫС1, using 0.085 M sodium methanolate in methanol as the titrant Titrations in water 
were performed on 40 mL samples containing 1 mM of the surfactant and 3 mM HCl, using 
aqueous 0.01 M sodium hydroxide as the titrant. All titrations were carried out under an 




 values were determined from the titration curves in 
methanol and water, respectively, by subtraction from these curves the background titration 
curves and fitting the resulting curves to the dissociation equilibrium equations. All measurements 
were earned out in duplo or triplo. 
UV-vis titrations 
AIO mM aqueous dispersion of the surfactant (prepared as described above) was sonicated in a 
bath-type sonicator for 60 min. at 50oC. An 0.1 mL to 0.9 mL aliquot of this solution was added 
to 0.1 mL of a 10 mM aqueous соррег(П) chloride solution in a quartz cuvette. The total volume 
was adjusted to 1.0 mL by addition of water and the spectrum was recorded after 30 s. The 
reference cuvet contained an aqueous solution with the same concentration of surfactant but 
without соррег(П) chloride. The temperature during the titrations was kept at 20 0C. 
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DSC measurements 
To 0.075 mL of an 0.1 M aqueous dispersion of the surfactant (prepared as described above) in a 
DSC cup was added 0.075 mL of water or an aqueous 0.2 M solution of copper(II) chloride. The 
cup was closed and the sample was incubated for 1 h. at 50 0C. After cooling to room 
temperature the cups were placed in the DSC apparatus and heating scans were recorded with a 
scan rate of 2 "C.min'1. 
Electron microscopy 
Samples for freeze fracture electron microscopy were prepared as described for the DSC 
measurements. 
EPR measurements 
To 0.25 mL of an aqueous 0.1 M dispersion ot the surfactant (prepared as described above) in an 
Eppendorf cup was added 0.005 mL of an aqueous 0.1 M solution of copper(II) chloride. An 0.05 
mL aliquot of this solution was transferred to a capillair (diameter - 1 mm) which was closed on 
one side. The other side was sealed with parafilm and the capillair was placed in an EPR tube 
filled with paraffin oil. The latter tube was placed in the cavity of the spectrometer. The 
temperature in the cavity was controlled and set with the help of a flow of nitrogen. Prior to each 
experiment the temperature in the cavity was measured via a thermocouple placed in a EPR tube 
which was filled with paraffin oil. 
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8 Physical characterization of monolayers of 
imidazole surfactants 
8.1 Introduction 
As part of a program aimed at the development of new catalysts we recently synthesized 
imidazole surfactants 1 and 2 (Chart 8.1) and studied their aggregation behavior and copper 
binding properties in water.1·2 The mono HCl salts of these compounds form stable unilamellar 
vesicles with a well defined gel to liquid-crystalline phase transition. Addition of соррег(П) salts 
leads to the formation of complexes of the type copper(imidazole)42+ at the lipid bilayer-water 
interface. By placing the methyl substituent at the α position of the amine group we were able to 
introduce the property of chirality in this type of surfactant without greatly changing the pK
a 
values and copper complexation properties. 
In this paper we report on the monolayer characteristics of our imidazole containing surfactants as 
studied by surface area-surface pressure isotherms and by epifluorescence microscopy.3·4 We will 
show that compression of 1 and 2 leads to the formation of solid domains. For 2 these domains 
have chiral shapes. Their handedness is related to the enantiomorphic configuration of the 
surfactant The effect of transition metal ions on the monolayer properties will be discussed. 
Chart 8.1 
?Нз / = \ CHgiCHabs. ^ . Л Л снз(сн2)15 1 ' Y 
СНз(СН2)15 / СНзіСНг),/ 
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8.2 Results and discussion 
8.2.1 Isotherms 
Surface pressure - surface area isotherms of compound 1 were measured at various temperatures 
on an aqueous subphase at pH 5.5 (Figure 8.1). Variation of the compression rate from -4 
Â2 molecule-1.min-1 to -1.3 Â2.molecule-1.min"1 did not alter the isotherms, indicating that the 
monolayers are stable. Figure 8.1 shows that compound 1 forms a liquid-condensed (LC) film at 
6.4 0C and a liquid-expanded (LE) film at 39.40C.5 At intermediate temperatures a phase 
transition from a liquid-expanded to a liquid-condensed state is observed upon compression of the 
monolayer. The slope of the isotherms in the phase-transition region is close to zero, suggesting 




Area (ппЛтоІ сиІв) — 
Figure 8.1 Compression isotherms of compound 1 on an aqueous subphase, 
pH 5.5, at different temperatures: 6.40C (a). 20.0°C (b). 29.90C (c), and 39.4°C (d). 
The compression isotherms of compound (S)-2 (Figure 8.2) are similar to those of 1, although the 
pressures at which the LC and LE films collapse are lower than for the latter surfactant Figure 
8.2 reveals that the molecular area observed for compound (S)-2 in the LE state is lower than the 
area observed for surfactant 1, despite the fact that 2 contains an additional methyl substituent. 
An explanation could be that this methyl substituent shields the amine function and prevents the 
latter from being exposed to the water surface, leaving only the imidazole group available for 
interaction. The amine function in compound 1 is less sterically hindered which allows interaction 
of both the imidazole group and the amine group with the aqueous interface, thereby leading to a 
larger molecular area (Figure 8.3). 
The isotherms of the surfactant (R)-2 on an aqueous subphase of pH 5.5 were identical to those of 
(S)-2. It is known from the literature that small differences in the packing of racemates and pure 
enantiomers can easily be detected by measuring the monolayer properties. Remarkably, the 
isotherms of the racemate (R,S)-2 at 10oC, 150C and 20oC were indistinguishable within the 
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Figure 8.2 Compression isotherms of(S)-2 on an aqueous subphase, pH 5.5, 
at different temperatures: 10.0°C(a), 15.0oC(b), and 20.0°C (c). 
experimental error from those of the enantiomerically pure surfactants (R)-2 and (S)-2. The 
melting point of the racemate (mp 26-270C) however was different from that of the pure 
enantiomers (mp 28.5-29.50C), indicating that there is some effect of the stereochemistry of the 
compounds on the packing in the three dimensional solid state. It may be argued that the observed 
effects are due to the fact that compression of the monolayers leads to a non-equilibrium state. 
However, separate experiments revealed that decreasing the speed of compression did not alter 
the isotherms, making this explanation unlikely. Furthermore, hysteresis experiments showed that 
the decompression isotherms of the pure enantiomers and the racemate were identical and were 
only slight different from the compression isotherms (Figure 8.4). These results support the idea 
that monolayers of compound 2 on a neutral subphase are close to an equilibrium state when they 
are compressed. Monolayers of the racemate (R,S)-2 behave as an ideal mixture, experiencing no 




Figure 8.3 Possible arrangement of surfactants 1 and (S)-2 at the water - air 
interface. 
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Figure 8.4 Compression and decompression of(S)-2 on an aqueous subphase 
at 20°C (see Experimental section). 
Decreasing the pH of the subphase from 5.5 to 3 caused the monolayers of 1 to become more 
expanded. At the same time a slight increase of the collapse pressure was observed (Figure 8.5). 
Increasing the pH to 11 had little effect on the isotherm of 1. Apparently, protonation of 1 takes 
place below pH = 5.5 . Previous investigations on aqueous dispersions of surfactant 1 had 
revealed that the apparent pKa for protonation of the amine function is approximately 4, which is 
in line with the above result7·2 The protonation leads to charged molecules and to an enhanced 
repulsion. Thus the pressure at which the phase transition occurs (nc) increases from 8.6 to 23.7 
mN.m"1 at 20 0C and the onset of the LE phase (Afl) changes from - 88 to ~ 98 Â2.molecule-1 
(see Figure 8.5). The pKa of compound 2 is approximately the same as the pKj of I.2 The 
isotherms of (S)-2 indeed showed a similar expansion of the film at pH = 3 as observed for 1, with 
Area (nm'/molecule) • 
Figure 8.5 Compression isotherms of compound 1 on aqueous subphases of 
different pH values at 20°C: pH = 11.4 (a), pH = 5.5 (b), andpH - 2.95 (c). 
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Figure 8.6 Compression isotherms of compound (S)-2 on an aqueous subphase of 
pH 3.0, at different temperatures: 10.0oC (a), 15.0°C (b), and 20.0oC (c). 
an increase of π
ς
 from 7.7 to 28.7 mN.nr1 and a change of А
я
 from 76.7 to 92.0 Â2.molecule-1. 
Apparently, 2 also becomes protonated at pH = 3 (compare Figures 8.2 and 8.6). Figures 8.5 and 
8.6 reveal that monolayers of 1 and 2 still show a phase transition from a LE state to a LC state at 
pH = 3. 
The effect of small concentrations (KH M) of transition metal ions (Со(П), Ni(II), Cu(II) and 
Zn(II) ) in the aqueous subphase on the isotherms of (S)-2 is presented in Figure 8.7. All 
transition metal ions caused 7i
c
 to increase. On the contrary, sodium chloride in the subphase had 
no effect on the isotherms. This suggests that the observed changes in the isotherms are due to 
selective binding of the transition metal ions. The increase in 7t
c




Figure 8.7 Compression isotherms of(S)-2 on an aqueous subphase without 
any additive (a), with 1&4 M NiCl2 (b). with ΙΟ4 M CoCl2 (c), with КГ1 M ZnS04 (d). 
and with IO4 M СиСІ
г
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Figure 8.8 Compression isotherms of(S)-2 on an aqueous subphase without 
CuCl2 (a), and with CuCl2 at concentrations ofl(Xs M (b), lu" M {с), and Юг3 M 
(d). Τ = 20oC. 
metal ion and follows the series Ni2+ < Co2+< Zn2+ < Cu2+. Interestingly, nearly the same order 
was found for the binding constants of imidazole to these ions (Co2+ < Ni2+< Zn2+ < Cu2+).8 
Previously, we have shown that the bilayer surface of vesicles of l-HCl bind copper(II) ions in an 
approximately 4:1 surfactant to metal ion ratio. Most likely the effects of transition-metal ions on 
the isotherms of (S)-2 are caused by a similar coordinative binding (vide infra). 
Figure 8.7 shows that copper(II) ions in the subphase have the largest effect on the isotherms of 
№)-2. We already observed an effect at a concentration as low as ΙΟ"6 M (not shown). Higher 
concentrations of this ion led to an increase of n
c
 and a decrease of Afl. At a concentration of IO
-3 
M the phase transition disappeared and the isotherm had the characteristics of a LE phase (Figure 
8.8). Addition of copper(II) causes the film to become more expanded as is noticed from the 
increase of the collapse area from 40.5 Â2.molecule"1 without any additive in the subphase to 49.3 
Â2.molecule-1 at a copper(II) concentration of IO"3 M. At the same time Afl decreases from 82.7 
Â2.molecule-1 to a final value of 73.3 Â2.molecule-1 (see Figure 8.8). The structure of copper(II)-
imidazole complexes may account for this behavior. In copper(imidazole)4^+ the imidazole 
ligands have a square planar arrangement around the metal ion.8 Such a structure prohibits close 
packing of the alkyl chains upon compression, hence leading to an increase of the collapse area. 
The formation of such complexes in which several molecules 2 are coordinated to one copper(II) 
ion also causes a reduction of the number of molecules on the surface. This reduction accounts 
for the shift of Afl to lower molecular areas. 
The dependence of the isotherm of (R)-2 from the zinc(n) concentration is given in Figure 8.9. 
Increasing the concentration of this metal ion from ΙΟ"4 M to ΙΟ"2 M also causes 7i
c
 to increase, 
but a complete disappearance of the phase transition is not observed. At a concentration of IO 2 
M the monolayer becomes saturated with гіпс(П) ions, as can be concluded from the fact that no 
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Figure 8.9 Compression isotherms of(R)-2 on an aqueous subphase without 
ZnS04 (a), and with 7nS0t at concentrations of l(l·4 M (b), ofl&3 M (с), ofW2 M 
(d), and ofZxia2 M (e). Τ = 20oC. 
further change of the isotherm is observed at higher concentrations. In contrast to copper(II), 
binding of zinc(n) ions does not alter Afl. This could point to the formation of complexes with a 
different structure (zincOmidazole)^-*" complexes have a tetrahedral geometry8), or to the 
formation of complexes in which only one molecule of 2 is coordinated to one zinc(II) ion. The 
association constants for coordination of a second or third imidazole ligand to zinc(II) are 
considerably lower than for coordination to соррег(П).8 Hence, formation of complexes in which 
several molecules of 2 are coordinated to one zinc(II) ion probably takes place at higher local 
concentrations of the imidazole ligands, e.g. at lower molecular areas. 
8.2.2 Fluorescence microscopy 
Changes in the morphology of the monolayers of 1 and 2 during compression were investigated 
by epifluorescence microscopy. For that purpose we added 0.5 mol% of the fluorescence label 
DPPE - Sulforhodamine9 to the surfactant solutions before spreading of the monolayers. Figure 
8.10 shows a series of photographs of a monolayer of 1 on a subphase of pH 5.5 at 20oC taken at 
various stages of compression. At low pressures (< 0.5 mRnr 1) the surfactant forms a two-
dimensional foam on the water-air interface (Figure 8.5 A). It should be noted that the bright 
areas in the figure consist of molecules of 1 in the LE state mixed with the fluorescence probe. In 
the dark regions no surfactant is present. Upon compression the monolayer becomes 
homogeneous but when the LE to LC phase transition region is reached small dark nuclei appear 
(Figure 8.10 B). These nuclei grow as the area per molecule is further decreased to form dark 
dendritic domains of surfactant molecules in the LC state which are incorporated in a matrix of 
surfactant in the LE state (Figure 8.10 С and D). 
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Figure 8.10 Fluorescence micrographs of a monolayer of 1 on an aqueous 
subphase of pH 5.5 at various stages of compression: Π= ~ 0 mN.m'1 ( a), 
П= 8.1 mN.m' (b), Π= 8.4mN.m' ( c). and Π= 9.0mN.m' (d).T= 20°C. 
The solid domains in Figure 8.10 do not represent an equilibrium structure. They arise from a 
diffusion limited growth process.10·11 The fluorescent probe molecules do not pack well into the 
solid domains. They are squeezed out and accumulate in the interface region, thereby increasing 
the pressure at which the phase transition occurs. Only when the probe diffuses into the LE matrix 
this pressure is diminished and further condensation of the surfactant molecules on the solid 
domains is allowed. The number of diffusing molecules will be higher when the length of the 
interface is larger. This accounts for the dendritic shape of the domains. If the solid domains had 
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been equilibrium structures they would have had a circular appearance which is the result of the 
fact that the interfacial energy between the phases is at minimum. We observed no annealing of 
the solid domains and their shape was not altered by a fourfold decrease of the compression 
speed. Apparently, the line tension between the fluid matrix and the solid domains is low. 
The domains formed by 1 have a dendritic and not a fractal shape. This dendritic shape is the 
result of different growth velocities in the various directions along the branches.12 This type of 
growth becomes visible when the line tension is anisotropic. The latter occurs when a long range 
molecular ordering is present in the solid phases. We may therefore conclude that in solid domains 
of 1 the amphiphile molecules are more or less regularly packed. Fractal growth differs from 
dendritic growth by a splitting at the tip of the branches. 12These tips are highly curved and 
therefore have an unstable interface which grows faster. Local fluctuations at the interface may 
further increase the curvature and hence the growth rate, giving rise to tip splitting. A higher line 
tension reduces the occurrence of fluctuations and hence also lip splitting. Formation of fractal in 
stead of dendritic structures therefore suggests a decrease of the line tension and a less regular 
packing of the molecules in the solid phase. 
Imidazole surfactant 2 has a chiral center. It was therefore tempting to see whether this center 
could induce the formation of chiral solid domains, when the monolayers were compressed. The 
formation of chiral two-dimensional solid phases has been described before in the literature, viz-
for monolayers of phosphatidylcholines and phosphatidylethanolamines.3·13 To our knowledge 
they have not been reported before for synthetic surfactants. Fluorescence microscopic 
photographs of a monolayer of (S)-2 mixed with 0.5 mol% of the fluorescence probe on a 
subphase of pH 5.5 are presented in Figure 8.11. These pictures show that (S)-2 forais dendritic 
domains which have branches that are bent in a counter-clockwise direction. On the contrary, 
domains arising from surfactant (R)-2 display clockwise turned branches. The racemic mixture 
(R,S)-2 did not show chiral dendritic domains, as expected. More open, fractal like structures 
were observed without any specific direction of rotation of the branches (Figure 8.11 C). These 
fractal shapes indicate that the molecular ordering in the LC domains of (R,S)·! extends over 
much smaller distances than in the domains of the enantiomerically pure compounds. The less 
regular packing may for instance be caused by the attachment of molecules of the opposite 
stereochemical configuration. Furthermore, the solid domains formed by (R,S)-2 were somewhat 
brighter than those formed by the homochiral compounds, giving rise to less contrast between the 
solid and fluid phase. This could indicate that some fluorescence probe molecules are enclosed 
within these solid domains. 
An alternative explanation for the occurrence of the fractal-like structures in the monolayers of 
the racemate may be that the solid domains are not formed by stepwise attachment of molecules 
in a diffusion limited growth process but by clustering of small domains that can not be observed 
by fluorescence microscopy.10 It has been reported before that such clustering also leads to 
structures with fractal patterns.12 This would also explain why the solid domains have enclosed 
small amounts of the fluorescence probe. 
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Figure 8.11 Fluorescence micrographs of monolayers of(S)-2 ( a,Tl= 8.6 
mN.m', LE to LC phase transition region), of(R)-2 (b, Π = 8.5 mN.m', idem), and 
of (R,S)-2 f c, Π = 8.7 mN.m', idem) on an aqueous subphase of pH 5.5. T= 20°C. 
We observed a strong effect of the temperature on the shape and the annealing of the chiral 
domains of (R)-2. At 20 0C they had a dendritic structure with very fine branches, most often with 
a 6-fold rotation symmetry. As also observed for compound 1, annealing of the dendritic domains 
was slow, indicating that the line tension between the fluid and solid phase is small. At 15 0C the 
branches were much thicker and had a smooth interface, whereas the number of side arms had 
been reduced (Figure 8.12). The effect of the chirality on the shape of the branches was still 
noticeable. Annealing of the domains to more rounded structures without any specific clockwise 
or anti-clockwise rotation occurred within hours. After 12 hours the majority of the domains had 
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Figure 8.12 Fluorescence micrographs of a monolayer of(R)-2 on an aqueous 
subphase of pH 5.5 and T= 15 °C, immediately after compression into the LE to LC 
phase transition region С α, Π = 2.8 mN.m' ), and after 12 h.( b ). 
a circular shape. These observations indicate that the line tension increases upon decreasing the 
temperature. Most likely this is the result of a more regular packing of the surfactant molecules in 
the solid domains at lower temperatures. 
On an acid subphase compound 2 becomes protonated. We observed the formation of very thin 
chiral domains with a 6-fold rotation symmetry for the protonated amphiphile (S}-1 at 10 0C. The 
branching was smaller than for 2 on pure water at 20 "С. Aging of the domains to more rounded 
structures could be observed within hours. After 60 hours they had a completely circular shape. 
The fact that the domains are thinner may be caused by the higher electrostatic interactions due to 
protonation of the amine groups, which will lead to more elongated domains. This explanation is 
in agreement with results reported in the literature on domain formation in monolayers of 
(jn)-l,2-dimyristoyl-3-glycerol-phosphatidic acid (DMPA) on subphases of different pH 
values.14·15 Unfortunately we were not able to compare the domain formation of unprotonated 
and protonated 2 at the same temperature since a higher temperature than 10 0C requires a 
pressure greater than 20 mN.nr1 to reach the phase transition region. We observed that at this 
high pressure the fluorescence probe crystallized. On the other hand unprotonated 2 did not show 
a phase transition at 10 0C. 
The compression isotherms of monolayers of (R)-2 on subphases containing metal ions strongly 
suggest that 2 forms complexes with metal ions at the air-water interface {vide infra). 
Furthermore, these isotherms reveal that the metal-complexed monolayers exhibit similar phases 
as the metal free monolayers. In order to corroborate this conclusion fluorescence microscopic 
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Figure 8.13 Fluorescence micrographs of a monolayer of(R)-2 on an aqueous 
subphase containing Ixlù2 M ZnS04: nuclei formed shortly after compression into 
the LE to LCphase transition region f a, Π = 6.6 mN.m'' ) and solid domains 
formed upon further compression ( b, Π = 6.9 mN.m'1 ). T= 5°C. 
studies on the metal-containing monolayers were carried out. Unfortunately, we found that the 
fluorescence of DPPE-sulforhodamine was strongly quenched by copper(II) ions in the subphase. 
The presence of zmc(II) ions, however, did not disturb the fluorescence of the probe. We 
observed for monolayers o{(S}-2 on a subphase containing 2.10"2 M гіпс(П) sulfate the formation 
of a two-dimensional foam at high molecular areas (> 80 Â2.molecule1). This behavior is similar 
to that observed for the metal-free monolayer. Upon compression into the LE region a 
homogeneous fluorescent monolayer was formed. Moving into the LE-LC phase transition region 
gave rise to the formation of small dark nuclei (Figure 8.13). The first nuclei, however, appeared 
only 30 s to 1 min. after the beginning of the phase transition. Upon further compression these 
nuclei grew. The resulting solid domains were much brighter than those observed for the metal-
free monolayers. As a consequence the contrast between the solid domains and the fluid phase 
was low, making a detailed observations of the shape and the aging of the domains impossible. 
Nevertheless, it was clear that they had a fractal-like structure, without any specific clockwise or 
anti-clockwise rotation of the branches. Their brightness suggests that a considerable quantity of 
the fluorescence probe is enclosed. Apparently, the solid domains of zinc(II) complexes of (S)-2 
have a less regular molecular packing than the domains of metal-free (5,1-2. Their formation 
probably occurs by aggregation of small clusters, as we also proposed for the domains of the 
racemate (R,S)-2. This would also account for the delay between the start of the LE-LC phase 
transition and the appearance of the nuclei. A favorable electrostatic interaction between the 
negatively charged fluorescence probe and the positively charged zinc(n)-surfactant complexes 
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could also account for the incorporation of the probe. It should be noted, however, that the solid 
domains of protonated C5J-2 did not contain noticeable amounts of the fluorescence probe, as was 
evident from the strong contrast in that case. 
8.3 Conclusion 
Imidazole surfactants 1 and 2 form stable monolayers at the air water interface with a well defined 
LE to LC phase transition. No effect of the chiral center is detectable when the isotherms of the 
homochiral compound 2 and the racemate are compared. Such an effect can, however, be 
observed by fluorescence microscopy. This technique shows that upon compression of 1 and 2 
into the LE to LC phase transition region solid domains are formed. These domains are non-
equilibrium structures. They exhibit some interesting features: 
i) They have a fractal or dendritic shape which most likely arises from a diffusion limited 
growth process. Conversion of the fractal or dendritic domains into circular shaped equilibrium 
structures is very slow, indicating that the line tension between the solid domains and the fluid 
phase is low. This line tension parameter is difficult to quantify. Its value depends on e.g. the tilt 
angle of the surfactant molecules, the presence of oriented dipoles, and of impurities. Our 
imidazole surfactants monolayers differ with regard to the line tension clearly from the well 
studied phosphatidylcholines and phosphatidylethanolamines. Further studies on synthetic 
surfactant systems are required to get more insight in the factors that determine the line tension 
parameter. 
ii) The pure enantiomers of the chiral surfactant 2 form solid domains with a chiral dendritic 
shape, whereas the racemic mixture forms fractal structures without any chirality. Upon aging 
these shapes disappears. The chiral shape originates from an anisotropy in the line tension which 
causes a different growth rate on different sides of the domains. The fractal shape most likely 
arises from a lower line tension, which indicating that the molecular ordering in the solid domains 
of the racemate is smaller than in the domains of the pure enantiomer. 
Protonation of the imidazole surfactants increases the interaction with the subphase and causes 
the monolayer to become more expanded. This is in line with the previously reported formation of 
vesicles upon protonation of the imidazole surfactants.2 Fluorescence microscopy shows that the 
dendritic solid domains of the protonated enantiomers of 2 still have chiral shapes. These domains 
also anneal to circular shaped equilibrium structures. The time required to reach these equilibrium 
structures is more or less the same for the neutral and the acidic monolayers. Apparently, the line 
tension is not strongly altered by protonation of the surfactants. 
Complexation of transition metal ions like соррег(П) or zinc(II) to the monolayers changes the 
isotherms. In the case of copper(II) these changes suggest that more than one imidazole 
surfactant is coordinated to the metal ion. Monolayers of 2 with bound zinc(II) ions still exhibit 
the phases typical for monolayers of uncomplexed surfactants as was shown by fluorescence 
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spectroscopy. The solid domains formed by these zinc-containing monolayers encapsulate a 
considerable amount of the fluorescence probe. This may indicate that these monolayers have a 
less regular molecular packing and that the solid domains are formed by a different growth 
process. 
8.4 Experimental Section 
Materials 
Chloroform (p.a., stabilized with 2 vol.% ethanol), NiC^.öHjO, CoClj.öHjO, CuClj^HjO, and 
гпЗОфТНгО (all p.a. grade) were purchased from Merck. DPPE-Sulforhodamine (sn-1,2-
dipalmitoyl-3-glycerolphosphatidylethanolamine-sulforhodamine) was obtained from Molecular 
Probes Ltd. Millipore water (pH 5.5) was used in all experiments. The synthesis of imidazole 
amphiphiles 1 and (R)-2 was described previously.2 Amphiphiles (5)-2 and (R,S)-2 were 
synthesized as reported for (R)-2; (5)-2: [ajjo 0 = +44.0° (c = 1, methanol), mp 28.5-30 °C; 
(R,S)-2: mp 26-27 DC. 
Measurements of isotherms 
Surface pressure - surface area diagrams (П / A isotherms) were recorded on a rectangular trough 
(420 cm2) equipped with a Wilhelmy balance. The temperature of the subphase was measured via 
a thermocouple immersed in the subphase and was kept constant within 0.10C. The trough, 
Wilhelmy balance, and temperature measuring system were interfaced to a personal computer for 
control of the measurements and for the data acquisition.16 The salt concentrations in the 
subphase are given in the Results and discussion section. Usually 50 μΐ of a chloroform solution 
of the imidazole amphiphiles (0.9 - 1.1 mM) was spread and the monolayer was compressed at a 
rate of 7 À2.molecule"1.min",. Hysteresis experiments were carried out as follows: the monolayer 
was compressed to a pressure of 30 mN.nr1, after 10 min. expanded in the gas-analogous state, 
equilibrated for 30 min. and recompressed to the point of collapse of the film. 
Fluorescence microscopy 17 
The epifluorescence microscopy equipment consisted of a fluorescence microscope with a video 
recording-display unit, and a thermostatted trough (350 cm2) which was placed below the 
objective of the microscope. The surface pressure was measured with a Wilhelmy balance. The 
surface flow in the plane of the monolayer was reduced by placing an open circular mask of 
Teflon (diameter 20 mm) into the subphase under the objective of the microscope. The 
fluorescence probe, DPPE-Sulforhodamine (0.5 mol%) was added to the chloroform solution 
which also contained the imidazole amphiphile. After spreading of the solution and equilibration 
of the film, the area was reduced at a rate of 6.5 Â2.molecule'1.min"1 and domain formation was 
recorded. 
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Summary 
The central theme of the studies presented in this thesis is the use of bilayer aggregates as 
matrices for the anchoring of catalysts. Bilayer aggregates (e.g. vesicles) are spontaneously 
formed in water from amphiphilic molecules, which possess a hydrophilic headgroup and one or 
more hydrophobic alkyl chains. These molecules are arranged in bilayers with their hydrophilic 
groups directed towards the aqueous phase and their hydrophobic groups towards the 
hydrophobic interior. 
Previous investigations in our group have shown that porphyrin catalysts can be incorporated in 
the bilayers of polymerized vesicles. In combination with colloidal platinum present in the interior 
of the vesicles and with molecular hydrogen the porphyrin is able to catalyze the epoxidation of 
olefins by molecular oxygen, and in this way mimicking the action of the Cytochrome P450 
enzyme. The turnovers of this system were, however, low. With the aim of improving the 
efficiency of this catalytic system UV-vis and fluorescence studies have been carried out to 
determine how simple tetra-arylporphyrins become incorporated in bilayers of 
dioctadecyldimethylammonium surfactants. These studies reveal that at high porphyrin to 
amphiphile molar ratios the porphyrin molecules are mainly present as aggregates. Depending on 
the type of porphyrin these aggregates are located in the hydrophobic part of the bilayer or at the 
aqueous interface. EPR spectroscopic studies on cast films of the bilayers with incorporated 
porphyrin show that the porphyrin aggregates have a well-defined orientation with respect to the 
bilayer surface. The presence of long aliphatic substituents on the porphyrin favors the alignment 
of the porphyrin aggregates along the alkyl chains of the amphiphilic molecules in the bilayer. 
In a subsequent study amphiphilic derivatives of a rhodiumilUJ-cyclopentadienyl^^'-bipyridine 
complex have been incorporated in bilayers formed from a polymerizable ammonium amphiphile. 
To this end the rhodium complex was modified with a polymerizable methacrylate function. 
Incorporation was achieved by means of a copolymerization reaction. It was found that the 
anchored rhodium complexes are efficient catalysts for the reduction of nicotinamides, flavin, and 
manganese porphyrins by sodium formate, provided that these substrates are present at the 
aqueous interface or in the hydrophobic interior of the bilayer. This reaction proceeds via a 
rhodium(I) species, which is formed in a rate limiting step by reaction of the rhodium(III) catalyst 
with formate. The amphiphilic rhodium complexes show distinct catalytic activities, which depend 
on the position of the complex in the polymerized bilayer. 
The anchored rhodium complex/sodium formate reducing system was tested as a substitute for 
the combination colloidal platinum/molecular hydrogen in the above-mentioned bimetallic 
epoxidation catalytic system, but this reducing system appeared to be inefficient. It was found, 
however, that in a simple two-phase system consisting of an aqueous solution of sodium formate 
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containing the rhodium complex and an organic solution of the manganese porphyrin, alkenes can 
be epoxidized with molecular oxygen. Turnovers, however, are low due to limited stability of the 
porphyrins under the applied reaction conditions. 
In the second part of this thesis amphiphilcs are described which contain a metal-binding ligand, 
viz- an imidazole or a pyrazole group. Aggregates of these imidazole amphiphiles bind metal ions, 
e.g. соррег(П) and zinc(II) ions, in a stoichiometry of approximately 4 ligands to 1 metal ion. 
Binding of copper ions can induce a change in the aggregate structure, i.e. from a lamellar bilayer 
structure to closed vesicles. Addition of zmc(II) ions leads to precipitates, which consist of curved 
bilayers. The pyrazole amphiphiles form unstable dispersions in water. Metal binding by these 
aggregates was not observed. 
Chiral imidazole amphiphiles have been synthesized and shown to possess properties similar to 
those of the achiral analogues. Both the chiral and the achiral imidazole amphiphiles form stable 
monolayers at the air-water interface. Fluorescence microscopic studies reveal that fractal or 
dendritic solid domains are formed when the monolayers are compressed. In the case of the chiral 
amphiphile these domains have chiral shapes: they tum clockwise or anti-clockwise depending on 
the configuration of the chiral center in the amphiphile. 
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Samenvatting 
Het centrale thema van het onderzoek dat in dit proefschrift beschreven wordt is het gebruik van 
bilaag-membranen als matrix voor de verankering van katalysatoren. Bilaag-membranen, zoals 
vesicles, worden spontaan gevormd wanneer amfifielen worden gedispergeerd in water. 
Amfifielen zijn moleculen met een hydrofiele kopgroep en een of meerdere hydrofobe 
alkylstaarten. Deze moleculen zijn gerangschikt in bilagen waarbij de hydrofiele kopgroepen 
contact hebben met de waterige omgeving en de alkylstaarten de hydrofobe binnenzijde vormen. 
Eerder onderzoek in onze groep heeft aangetoond dat porfyrinemoleculen als katalysatoren 
kunnen worden opgenomen in de membraan van gepolymeriseerdc vesicles. Samen met colloidaal 
platina dat is ingesloten in het binnenste van de vesicles en met moleculaire waterstof zijn deze 
porfyrinemoleculen in staat de epoxidatie van olefinen door moleculaire zuurstof te katalyseren. 
Dit systeem bootst zo de werking van het enzym Cytochroom P450 na, maar de omzettingen zijn 
laag. Met als uiteindelijk doel de efficiëntie van dit systeem te verbeteren, hebben we met behulp 
van UV-vis en fluorescentie-specroscopie onderzocht hoe porfyrinemoleculen zijn opgenomen in 
bilagen van dioctadecyldimethylammonium-amfifielen. Uit deze onderzoekingen is gebleken dat 
bij hoge concentraties van het porfyrine in de bilagen de porfyrinemoleculen geaggregeerd zijn. 
Afhankelijk van de moleculaire structuur van het porfyrinemolecuul bevinden deze aggregaten 
zich in het hydrofobe gedeelte van de bilaag of vlak bij het oppervlak. Onderzoek met behulp van 
EPR-speclroscopie aan ingedroogde films van bilagen met daarin het porfyrine, heeft aangetoond 
dat de geaggregeerde porfyrine-moleculen een goed gedefinieerde oriëntatie hebben ten opzichte 
van het oppervlak van de bilagen. De aanwezigheid van langketige alkylsubstituenten aan het 
porfyrinemolecuul zorgt ervoor dat de aggregaten van porfyrinemoleculen zich richten langs de 
alkylketens van de amfifiel-moleculen in de bilaag. 
In een vervolgstudie is onderzocht hoe amfiele rhodium(ffl)-cyclopentadienyl-2,2'-bipyridine 
complexen kunnen worden opgenomen in bilagen van een polymeriseerbaar ammoniumamfifiel. 
Hiertoe zijn de rhodiumcomplexen voorzien van een polymeriseerbare methacrylaatgroep. 
Copolymerisatie met het polymeriseerbare amfifiel heeft tot gevolg dat deze rhodiumcomplexen 
worden verankerd in de bilagen. Deze rhodiumcomplexen blijken efficiënte katalysatoren te zijn 
voor reductie van nicotinamides, flavines an mangaanporfyrines door natriumformiaat. Een 
vereiste is dat deze substraten zich bevinden in de buurt van het hydrofiele oppervlak of in het 
hydrofobe binnenste van de bilagen. De reductie reactie verloopt via een rhodium(I)complex, dat 
in een snelheidsbepalende stap wordt gevormd door reactie van het rhodium(in)complex met het 
formiaat-anion. De amfifiele rhodiumcomplexen hebben een verschillende katalytische activiteit, 
die afhankelijk is van de positie van het rhodiumcomplex in de bilaag. 
De combinatie van verankerd rhodiumcomplex en natriumformiaat is gebruikt als substituut van 
het reducerende systeem colloidaal platina/moleculaire waterstof in het hierbovengenoemde 
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bimetallische katalysatorsysteem voorde epoxidatie van olefinen. Deze combinatie bleek niet 
aclief te zijn. We hebben echter gevonden dat in een eenvoudig twee-fasensysteem bestaande uit 
een waterige oplossing van het rhodiumcomplex en natriumformiaat en een organische oplossing 
van een mangaanporfyrine, alkenen geepoxideerd kunnen worden door moleculaire zuurstof. De 
omzettingen zijn echter laag wat veroorzaakt wordt door de geringe stabiliteit van de 
porfyrinemoleculen onder de gebruikte reactieomstandigheden. 
In het tweede gedeelte van dit proefschrift worden amfifielen beschreven met een metaal-bindende 
groep zoals een imidazool- of een pyrazoolgroep. Bilaag-aggregaten van deze amfifielen binden 
metaalionen, zoals koper(II)- en zink(II)ionen, waarbij complexen gevormd worden met een 
stoichiometric van vier amfifiel moleculen per metaalion. Binding van koper(II)ionen kan een 
verandering van de morfologie van de aggregaten veroorzaken, zoals een overgang van een 
vlakke bilaag-structuur naar gesloten vesicles. Binding van zink(II)ionen leidt tot de vorming van 
neerslagen, die uit gekromde bilagen blijken te bestaan. De pyrazoolamfifielcn vormen geen 
stabiele dispersies in water. Binding van metaalionen door aggregaten van deze amfielen kon niet 
worden waargenomen. 
Chirale imidazool-amfifielen die werden gesynthetiseerd, blijken dezelfde eigenschappen te hebben 
als de analoge niet-chirale verbindingen. Zowel de chirale als de niet-chirale imidazool amfifielen 
vormen stabiele monolagen aan het grengsvlak water-lucht. Met behulp van 
fluorescentiemicroscopie kon de vorming van vaste domeinen worden waargenomen tijdens 
compressie van de monolagen. In het geval van de chirale amfifielen blijken deze domeinen een 
chirale vorm te bezitten. Afhankelijk van de configuratie van het chirale centrum in het amfifiel is 
de structuur van de domeinen links-draaiend of rechts-draaiend. 
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